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I. INTRODUCTION. 

Thls rese arch is part of a NASA program to investigate the feasibility of applying 
high-T c superconducting ceramics to the development of a high-field (5-6 Tesla) magnet 
with an ultimate objective of utilizing these materials in a liquid nitrogen cooled wind tunnel 

m LTf tl ^ SUSrienSI °^ ba,ance : The Cl, rrent state of the high-T c superconducting ceramics 
inhibits their immediate application to high-field magnets for a number of reasons Their 
superconducting properties are strongly anisotropic, with preferential critical performance 

the P hnlt CU ar ° thC P er< ? VS J ,te c ' axis ’ I Le -’ in the a ‘ b P lane °f the crystal. As a consequence, 
he bulk ceramics, which have largely random crystal orientations are not suitable for 

Xi? nf^Th? 8 ', E P ,taxial fil ™ c an be prepared in which the c-axis is parallel to the 
plane of the substrate, i.e., perpendicular to the substrate surface. However since the 
design and demonstration ot a high-T c superconducting high-field magnet will require 
5f n fy tia c ' ax ! s or,e ntation over a large topological surface, many of the vacuum epitaxial 
deposition techmques are not suited for this application because of the limited surface areas 
wnicn can oc coated. 

These issues an be circumvented by advancing chemical spray pyrolysis as a means 

n ^ ( f c pOSIt . ar 8 e are; tl,ms on , to a ta P e wire which can then be configured into the geometry 
necessary to drive the magnetic field. Chemical spray pyrolysis has a number of advantage? 
It is inexpensive. It can produce good quality films over very large areas. It is an open 
system deposition technique so continuous strips of film can be prepared, and it has already 

so l?r ?d Ha b n cat! o n ' ' * ^ ** numbcr ot e,ectronics applications, particularly in the field of 

This paper reports on the deposition of Tl-Ba-Ca-Cu-O thick films by spray 
pyrolyzing a Ba-Ca-Cu-O precursor film and diffusing thallium into the film to form the 
superconducting phase. Thu approach was taken to reduce exposure to thallium and its 
health and safety hazards. The Tl-Ba-Ca-Cu-O system was selected because Has very 

rf / ea * ures „ wh * h mak f jt a PP ealin g to device and manufacturing engineerm? 

1 1-Ba-Ca-Cu-O will accommodate a number ot superconducting phases. This attribute 
makes it very forgiving to stoichiometric fluctuations in the bulk and film. It has excellent 
thermal and chemical stability, and appears to be relatively insensitive to chemical 
impurities. Oxygen is tightly bound into the system, consequently there is no orthorhombic 
(conductor) to tetragonal (insulator) transition which would affect a component’s lifetime 

S' "L ,h n,.' ha ", l Jl ascd superonduclors appear to have Ur 
properties than the other high-T c oxide ceramics. Estimates using magnetoresistance 

lnd f'* l ,Vo l 111 ” 1 KTbBa :Cll a, 2 O 10 wm have an upper critical Mi, 
thea-b plane m” aF ’ p " : ‘ 1 ,lelds P arallel 10 ,he c ‘ llxls tntd =1001) Tesla lor fields oriented in 

nn mn?rL Uit , S l ,°w at rs ha u C sllown tbal superconducting films can be reproducibly deposited 
n 00 oriented MgO substrates. One him had a zero resistance temperature of I I 1.5 K. 
urthermore, x-ray diffraction analysis of the films showed preferential c-axis orientation 
parallel to the plane of the substrate. These results have now made it possible to consider 
the manufacture of a superconducting tape wire which can be configured into a topology 
useful tor h.gh-f.eld magnet designs. This paper will review the research which lead to the 
preparation of these films and plans for further development. 

II. EXPERIMENTAL RESULTS. 

In chemical spray pyrolysis soluble salts of the metallic components of the 
superconducting ceramic are dissolved in solution in stoichiometric amounts In this work 
the nitrate precursors ot barium, calcium, and copper, (BatNCHK Ca(NOn)n Cu(NCKH) 
were used. Once thoroughly mixed this solution can be sprayed onto a surface which isHot' 
enough to volatilize the transport fluid and then allow the salts to decompose, oxidize and 



form a Dolvcrvstalline ceramic. Ultrasonic techniques were used to nebulize the solution 

into droplets^ The sprayed surface is thermally treated in the R^^^a^O oxide 
suitable to decompose the nitrates into their respective oxides. Once a Ba-Ca-Cu-O oxide 
precursor film had been formed thallium was diffused into the film which was then thermally 
processed to produce the superconductive Tl-Ba-Ca-Cu-O phase. 

Stoichiometric control is crucial to the electromagnetic performance ° f Jj*8 h 'Jc 
suDerconducting ceramics. Thus a primary objective ot the Phase I effort is to tune the 
spray process to produce Ba-Ca-Cu-O precursor thin/thick films with stoichiometric control 
and ^uniformity. A second objective of the program is to fuse all the individual metallic ions 

into a uniform polycrystalline ceramic prior to thallium diffusion processing. Oxi es c 

a" d Ca fused into Crystalline copper oxide structures are less likely to outgas during 
subsequent thermal annealing and thallium diffusion processing than would amorphous 
barLm or calcium oxides loosely distributed in the film. Furthermore, a fused crystal 
structure will have better order and chemical uniformity. 

It is therefore a fundamental objective of this program to eliminate single species 
clustering or agglomerations in the films, enhance grain alignment, and to promote superior 
microstructure^This can be achieved by using a suitable chem.ca 

which favors thorough dissolution, intermixing and complexation of the different reactant, 
prior to deposition. Ideally, this solvent should enhance mutual reactivity of the salts during 

the crystal fusion process. 

A Prkcursor Development and Stoichiometric Controi- .... , 

To develop stoichiometric control over the process and to avoid single component 
clustering in the films the effect of solution solvent and substrate lemperature ™ meta ion 
incorporation, surface morphology and chenmcal uniformity were evaded. ‘ 
behavior of each of the individual nitrate compounds was measured. These measurements 
were then used to evaluate the effect of a particular solvent by comparison to thermal 
analysis on a dried residue of that solution in which the nitrates were mixed in stoichiometric 

amounts. 

Since nitrate compounds are generally hygroscopic and their molecular weights can 
be altered by ambient humidity conditions, stock solutions of each nitrate were prepare 
Stock solution concentration was measured using Atomic Absorption spectroscopy, (AA), 
by Northern Analytical Laboratory, Amherst, NH. 

1. Metallic Nitrate Precursor Denitration/Decomposition R , Nn . 

The denitration of the individual cation precursors was studied by drying Ba(NU3)2, 
CafNChb and CufNChb water solutions on alumina substrates. The thin film material 
was scratched off the surface and analyzed using differential thermogravimetru analysis, 
(DTGA). These measurements were performed by Robert J. Andrews w ^h t he ^hd S ate 
Sciences Directorate, of the Rome Air Development Center, Hanscom AFB, MA using < 
Perkin-Elmer Delta Series TGA7 Thermal Analyzer. 

a. Thermal Denitration/Decomposition ofCu(NOj)2 , m _ 

X-ray diffraction spectra on sprayed films shows that CufNOjto >n an aqueot 
environment breaks down at elevated temperatures to form Cu 2 (OI )i , NO> L) 1 GA 

analysis of the dried Cu(N0 3 ) 2 -water complex, ^ wn r '" ^ t^nnS 

temperature for maximal denitration/dehydration ot the Cu(NC>3) 2 ^ 265 C AlUherma 
analysis measurements were done in oxygen atmospheres. It appears that between 1( a 
210° y C residual water is driven from the film residue. A very sharp transition is observed 
between 210° C and 310° C which is attributed to the 

Cu 2(0H)3*N03. The 33.7% percentage weight change between 210 C and HUU ^ a^re . 



favorably with the formation of CuO from Ci^OH^NC^, on the basis of the following 
fractional weight percents: 

Cu 2(0H)3 - N03 — > CuO + oxides of nitrogen. 

fractional 

wt% 100% 66.2% 33.8% 

The chemical stability of CuO in oxygen at higher temperatures is evident. 

b. Thermal Denitration/Decomposition of Cu(NOj) 2 in Water Solution. 

Analysis on Ca(NC>3)2, (see Figure 2), shows dehydration below 200° C, and a 
percentage weight change of 66.1% between 400° C and 750° C. Unlike the cupprous 
reaction, a series of weaker outgassing peaks are observed in the first derivative spectra 
prior to a very pronounced rate of weight loss at 733° C. This data agrees quite favorably 
with the formation CaO through the following path: 

Ca(N03)2 > CaO + oxides of nitrogen 

fractional 

wt% 100% 34.16% 65.84%. 

CaO appears to be stable in oxygen above 740° C, after denitration. 

c. Thermal Denitration/Decomposition of Ba( NO j)2 in Water Solution. 

The barium nitrates, Ba(N03)2, are the most stable of the starting compounds. (See 
Figure 3). First derivative spectra indicates pyrolytic phenomena starts above 600° C. A 
stable regime is noted between 800° and 900° C. This stability breaks down above 900° C, 
but first derivative spectra shows the film tends towards stability again above 1010° C. The 
percentage weight change between room temperature and 1010° is 40.4%, which is close to 
the fractional weight which would be lost in the formation of BaO: 

Ba(N03)2 > BaO + oxides of nitrogen 

fractional 

wt% 100% 58.65% 41.35% 

The stable oxynitrate phase observed in the Ba(N03)2 derivative between 800° and 
900° C can not be identified at this time. The Ba(N03)2 DTGA data suggests that unless 
the presence of the other nitrates, (Cu(N03)2 its derivatives, or Ca(N03)?). can 
accelerate conversion of Ba(NC>3)2 to BaO at lower temperatures, annealing above 1(100 C 
will be required to completely denitrate the BaCaCuO precursor films. 

2. Effects of Solvents and Chemical Binders on Nitrate Denitration/Decomposition in Mixed 
Precursor Solutions. 

To study identify optimal solution chemistry and chemical binder activity the nitrate 
precursors were mixed in stoichiometric ratios ot 212 Ba:Ca:Cu and dissolved in: 

A) A water-only solution 

B) An ethanol-(20% vol)/water solution 

C) A glycerol-(2()% vol)/water solution 

Each solution was dried on a hot (120° to 230° C depending on solvent volatility) alumina 
substrate. DTGA scans were run to observe ellects ot the solvents and the other nitrates on 
chemical reactivity during denitration. Ethanol solutions were considered to reduce 


fill) 



Ba(NCh)2 precipitation from solution. Glycerol solutions were considered to ^reduce single 
nitrate species agglomerations in solution and to enhance the chemical reactivity between 
the different nitrate compounds. The glycerol molecule provides a longer chain with 
hydrogen bonding sites which could conceivably complex different nitrate species in close 
physical proximity to one another. 

The fractional chemical weight distributions for solutions tested were determined 
using a 212 ratio: 


Ratio 

wt% 


Ba(NC>3)2 

2 

49.12% 


Ca(N0 3 ) 2 

1 

15.49% 


Cu(N0 3 ) 2 

2 

35.39%. 


a The Effect of a Water-only Solvent. . , 

Figure 4 shows DTGA spectra for the nitrates when dissolved in water only. 
Thermogravimetric changes below 200° C are being attributed to water absorbed in he 
nitrate film by exposure to air. Copper denitration proceeds as before, unaffected by the 
presence of the other nitrate complexes. Its characteristic spectra m the firs | denvatrw is 
once again observed at 265° C. The percentage weight change : observed between 22S C 
and 369° C was roughly 11%, and is attributed to copper denitration. This is in genera 
agreement with an 11.9% weight differential that would be expected using the fractional 
Srpercentage change observed during Cu 2 (0H) 3 N0 3 demtratum/dehydrat.on 
between 220° C and 300° C. 

In mixed-water solutions Ca(N0 3 ) 2 and Ba(N0 3 ) 2 denitration appears to be shifted 

to lower temperatures. Principal first derivative spectra for the denitration transiticms are 
. . * ^ ^ /j inno r TUie ic in ^[Trppmpnt With the LafiNU^)? 



ueniirauuii awti^iaivu wuw«i ~ t — j i * 

films. It is also plausible that Ca(N0 3 ) 2 and Ba(N0 3 ) 2 complex together »n aqueous 
solutions. Calculations of the fractional weight percent changes using t . " ^^en 
denitration data predicts a total percentage weight change of 57.56 /c, in rough agreement 
with the 54.35% weight change observed in the mixed films It seems reasonable to assume 
that in water-only solvents most denitration should be complete above temperatures of 70 

C. 

h The Effect of a Water- 20% vol Ethanol Solvent. 

Figure 5 shows DTGA spectra from the 20%-vol ethanol soliition. Spectral 

signatures in the 0th and 1st derivative spectra are identical, ^aiUn& ^ u 2[OI I ) 3 NO 3 
denitration again proceeds unaffected by the presence of either Ca(N0 3 ) 2 or Ba(N0 3 ) 2 in 
ethanol solvents. An analytical comparison was not possible. 

Figure 6 shows the Differential Scanning Calorimetry (DSC) measurements in 
oxygen on the dried residue of the precursors mixed in water and 20 /o vol ethanol ^ution. 
sESS endothermic peaks are noticeable at temperatures just below outgas mg 
temperatures identified by DTGA. (See Figure 5). This suggests that the individual nitrates 
are breaking apart seemingly unaftected by each othei s presence. Th . . 

exothermic peaks in the spectra shows that no latent heats ot crystal ^ 

released Although the use of ethanol may help dissolve Ba(NG 3 )2 and prevent it 
precipitation from solution, it does not promote the formation ot fused crystal 

microstructures. 



Furthermore, the addition of ethanol to the solution reduces the liquid surface 
tension to such a degree that boiling during the drying process caused liquid drops carrying 
raw materials powders to spew from the substrate. Ethanol experimentation was 
discontinued at this point because of the adverse effects splattering would have on 
stoichiometric control. 

c. The Effect of a Water-20% Glycerol Solvent. 

Experimentation with glycerol solutions was conducted to try to improve film 
uniformity. Since glycerol is a chain molecule with many hydrogen bonding sites the 
individual nitrate species have a better chance of being physically complexed closer to each 
other if they bind at different sites along the chain. It is intended that the close physical 
proximity of the individual nitrate species provided by the glycerol chain would improve 
uniformity, inhibit single species clustering, and enhance the formation of BaCaCuO 
crystallites. Stoichiometric formation of BaCaCuO crystallites is preferred to CuO 
crystallites segregated from CaO/BaO polymorphous phases. This will help ensure chemical 
integrity during subsequent processing and single phase formation during thallium diffusion. 

Figure 7 shows that the qualitative character of glycerol-complexed BaCaCu- 
demtration in oxygen changes substantially. DTGA spectra below 182 C, (the boiling point 
of glycerol) is due primarily to dehydration. Spectra between 182° C and 250° C is attributed 
to glycerol outgassing. The most notable feature of this spectra is that Cu2(OH)3-NC>3, if it 
is at all present in the glycerol residue, no longer denitrates by itself. Furthermore’ the 
largest relative change in weight occurs below 500° C. The weight change between 250° and 
500° C accounts for roughly 67% of all outgassing above 250° C. This indicates that 
Ca(N03)2 ar *d Ba(N03)2 denitration participates in the copper oxide conversions and that 
BaCaCu complexes are being formed in solution. Roughly one third of the relative weight 
change occurs above 500° which can be solely attributed to Ca(N03)2 and Ba(NCh)2 
(complexed) denitration. This data also shows that the microcrystallites formed with a 
glycerol binder are relatively stable in oxygen at temperatures up to -900° C. Changes in 
the first derivative spectra above 900° C suggest that the compound could break down at 
elevated temperature. 

Figure 8 shows DSC spectra under oxygen atmospheres for the mixed precursors 
formed in water/glycerol solvents. Three exothermic peaks are evident at 204° C, —300° C, 
and 341 C. This data, and the marked change in the DTGA spectra for glycerol solutions is 
direct evidence that the glycerol molecule chemically binds the individual metallic nitrate 
precursors, promotes reactivity between the precursors and the formation of microstruetural 
crystallites in the sprayed films after thermal processing. An unusual feature of this spectra 
is that structural relaxation is not observed at temperatures slight Iv below the principal 
outgassing band between 250° and 500° C. 

3. Effect of Substrate Temperature on Film Deposition 

In chemical spray pyrolysis substrate temperature can affect both surface 
morphology and film stoichiometry. Thermal mass transfer, convection currents, vapor 
phase dynamics or evaporative effects and secondary chemical reactions can adversely 
affect chemical incorporation rates into the films. The thermodynamics of this deposition 
technique has not yet been fully characterized so process control has to be obtained through 
empirical study uniquely. To identify suitable substrate temperatures chemical 
incorporation was studied by spraying 223 BaCaCu-nitrate ratios dissolved in all nree 
solvents at substrate temperatures between 180° and 350° C. 

Energy Dispersive X-ray Spectroscopy was performed on the films to evaluate 
atomic ratios. Figure 9 shows the atomic Ca/Cu and Ba/Cu ratios observed in the films 
sprayed using an ethanol 20%-vol solvent versus substrate temperature. The Ca/Cu and 



Ba/Cu ratios used in solution are also shown. By simple inspection it is apparent that during 
the spray process both Ca and Cu are not fully incorporated since the Ba/Cu film i a 10 is 
always greater than the solution ratio and the Ca/Cu film ratio is always less than the 
solution ratio. 


Figure 10 shows copper and calcium incorporation rates against substrate 
temperature between 180° and 350° C. Incorporation rates were calculated assuming 
BafNOO? is incorporated at 100%. Under this assumption a system of three lineary 
coupled equations can be constructed for which there are two unknowns. Percentages of Ca 
and Cu lost can be calculated against Ba incorporation using the ratio of each in the 
solution. The accuracy of the calculation can be tested by comparing the ratio of Ca/Cu in 
the films to value obtained through calculation. Figure 1 1 shows the percentage difierences 
between the calculated and observed values. 

A very sharp increase in the copper incorporation and an enhancement in the 
calcium incorporation was observed at 260° C. This matches the peak denitration 
temperature for Cu N0 3 ) 2 . This would appear to suggest that film incorporation rates tor 
the metallic cation > can be quite sensitive to oxidizing conditions and mass transfer 
phenomena at the s ibstrate surface. 

Since subst ate temperature has such a strong influence on the resultant 
stoichiometry in th* • hydroxynitrate films a hot plate was constructed to control substrate 
temperature to wi hin 1° C. This construction employs an Omega(TM) Series 201)0 
Programmable Temperature Controller capable of ramp and soak temperature cycling. 

Films prepared from glycerol 20%-vol solvents were tar less susceptible to surface 
reactivity. Scanning Electron Microscopy (SEM) revealed that a 260 C substrate 
temperature provided the best surface morphologies. Plates 1-3 show surface 
characteristics of films prepared using water-only, ethanol (20% vol) and glycerol (20 /o vol) 
at that substrate temperature. Both the ethanol and water-only lilms show signs ot single 
species agglomeration as indicated by the DTGA spectra. Although the films prepared with 
glycerol had the best submicron microstructures, (See Plate 4), they remained quite porous. 
(Plate 5), with a high density of weak link interconnections between gram granules. 

Continued r search using glycerol (20% vol)/water solvents sprayed onto substrates 
heated to 260° C has shown that solution stoichiometries can be reproduced in the films. 
Table 1 shows atomic percents measured in a series of films using semiquantitative 'energy 
Dispersive X-Ray Spectroscopic analysis, by Photometries, Inc., Woburn, MA.. 1 hese 
results indicate that a strong correlation between solution and film stoichiometries can be 
achieved using these process parameters. Plate 6 is a baekscattered scanning electron 
micrograph of sample 223-02. Good chemical uniformity and small microstruclures can be 
formed using these irocess conditions. 


B. Effkct of Substkatks on tiik quality OF ANNKAl.KDHI.MS. 

Precursor fi ms were prepared on < I00> oriented epitaxially polished ytterium- 
stabilized zirconia ( YSZ) and magnesium-oxide substrates. After spraying at a substrate 
temperature of 260° C in air the films were immediately denitrated by therma, bake out 
using a temperature cycle determined from thermal analysis measurements. 

In both instances microcracking was observed in the oxide precursors. 1 his is a 
shortcoming to any solution process where the films essentially have to be dried from a 
slurry and large volumes of reactant by-product is driven from their interior. 1 his results in 
a generally porous texture. Films sprayed onto YSZ substrate had very poor adhesion to the 
substrate after the denitration process, and were not suitable for Tl-dmusion. (See r late ->)• 



Most of the YSZ-substrate films were damaged during the diffusion step either by film 
evaporation or flaking. 

Films deposited onto MgO substrates had sharply reduced microcrack densities and 
far superior adhesion. The MgO substrate films did indeed become superconducting after 
Tl-diffusion when suitable processing parameters were used. No increased microcracking 
was observed even after electrical characterization in liquid nitrogen. These results suggest 
very strong suitability of MgO substrates with Tl-Ba-Ca-Cu-O superconducting films 
prepared using solution processes over a range of temperature from 77 K to 1225 K. 

C. Thallium Diffusion Processing. 

The superconductive Tl-Ba-Ca-Cu-O phase is formed from the Ba-Ca-Cu-O 
precursor by diffusing thallium into the film. This can be done with a pellet of thallium 
oxide in a small porcelain crucible. The pellet is of sufficient size so that it does not totally 
evaporate during the short annealing step. The substrate containing the precursor films is 
suspended over the crucible and the assembly is placed in a quartz tube furnace at 850° C 
for 15 minutes. During the process, argon, air, oxygen, or a mixture of gasses are flowed 
over the sample. Only oxygen atmospheres were successful in preventing the sprayed 
precursor films from evaporating off of the substrate. The gas flow rate is adjusted 
empirically to optimize the oxygen content of the resulting film and to maintain sufficient 
oxygen overpressures above the films. 

D. Electrical Properties of the Superconducting Films. 

Figure 12 shows the R-T curve for the first superconducting sample obtained. The 
transition is sharp and the zero-resistance temperature is 112 K. While this is not the 
highest temperature reached by the thallium containing superconductors, it exceeds the 
highest reported value for sprayed films by 15 K. [3] In all five superconducting films were 
produced with zero resistance temperatures ranging between 97 K and 1 12 K. 

Preliminary measurements of critical currents at 77 K in these spray pyrolyzed films 
range between 100 and 250 A/cm 2 . These values are low for high-field magnet applications 
and result in major part from the porosity of the films, excessive weak link interconnections, 
poor grain alignment, and nonuniform crystallographic orientation. Many of these 
deficiencies can bt reduced by finer tuning the process. 

E. Crystallographic Orientation of the Ceramic. 

An important consideration if the construction of useful magnets is the orientation of 
the material in the films used. To obtain high critical currents needed for high fields, the 
crystal grains in polycrystalline films should be oriented with the c-axis perpendicular to the 
substrate so that the current Hows in the a-b plane. Thus, it was important for us to 
determine whether or not films could be deposited with a preferential orientation. After 
processing, we analyzed our films using XRD and determined that the films grew with the 
c-axis perpendicular to the substrate surface. 

Table II compares the x-ray diffraction patterns of Tl-Ba-Ca-Cu-O bulk powders to 
an epitaxial thin film prepared by rf-sputtering and the T c = 112 K film prepared by 
chemical spray pyrolysis and thallium diffusion. The epitaxial film has total c-axis 
orientation in the plane of the substrate, and the powder diffraction has completely random 
orientations. The c-axis oriented patterns are highlighted and the normalized peak 
intensities are given to show preferential c-axis orientation in the plane of the substrate for 
the spray pyrolyzed film. 


(ill 



F. Silver-doping Experimentation. . 

Silver doping into the precursor films can be easily achieved using silver nitrate, 
Ac(NCH) 2> which dissolves readily into water. Silver incorporation into the Y-Ba-Cu-O has 
been shown to greatly enhance critical current densities, ductility and other mechanical 
properties. For these reasons the feasibility of silver-doping by chemical spray pyrolysis was 
examined in Phase 1. 

Three silver-i loped films (10%-, 20%-, and 30%-wt) were prepared and each showed 
negligible microcrack densities after denitration baking, regardless of the substrate used, i.e., 
YSZ or MgO. Unfortunately in an attempt to phase separate the Ba-Ca-Cu-O precursor 
from the silver, by annealing at 1000 C, the silver-doped films evaporated. An undoped film 
was annealed at the same time and it did not completely evaporate which suggests that silver 
incorporation into the Ba-Ca-Cu-O precursor increases the vapor pressure of the 
compound. 

III. PLANS FOR FUTURE DEVELOPMENT. 

The successful demonstration of a deposition process for high-r c superconducting 
films which can be applied to the preparation of large-area thick iilms has now made it 
possible to consider the manufacture of liquid nitrogen-cooled superconducting wire tape. 
A cross-section of a prototype design for this construction is given in Figure 1 As 
diagrammed, a stainless steel strength membered copper tape will be used as the base 
structure. Spray pyrolyzed MgO film will be deposited upon it to provide good adhesion 
between the superconductor and the support structure. Researchers at the Naval Research 
Laboratories, Washington, D.C, have successfully demonstrated that spray pyrolysis can be 
used to deposit 100 oriented MgO films on sapphire, fused silica, anti silicon. [4] 

Silver-doped TIBaCaCuO films will be sprayed through a mask to form tracks on the 
MgO-coated base ape. The use of silver is being considered to improve the ceramic s 
ductility and mechanical workability, [5], as well as to enhance the material s current 
carrying capability. 1 6 ] Applying the superconductor in the wire as tracks should also reduce 
AC losses and improve thermal and electrical shunting of the stored energies and stresses 
which develop in the films and can quench a superconducting magnetic coil. A silver layer 
will overlay the superconductor to improve conduction to the copper shunt, and an 
insulating tape will cap the tape to inhibit high-voltage electrical discharging between 
windings when the tape is assembled into an operating coil. This design is being considered 
because it provides sufficient structural support to the mechanical sti esses expected from 
5-6 Tesla magnetic fields. 

A major objective in the successful demonstration of a high-field magnet will be the 
development of strong flux pinning potentials in the superconducting films. It will be 
necessary to pin magnetic fluxoids at defect sites with sufficient strength to resist the Lorentz 
forces induced by the driving currents. The free movement of fluxoids in the 
superconducting wire tape will dissipate energy and pinch-off critical current densities 
needed to operate in strong magnetic fields. The value of critical current densities in all 
type-II superconductors is strongly affected by processing parameters and is not necessarily 
an intrinsic property of the superconducting system. To achieve this aim significant researc 
will be dedicated to optimizing c-axis orientation of the films by adjusting deposition 
parameters, and using other salt reactants or chemical binders in fabricating t.ie prtxuisor 
films. The application of nuclear irradiation |7] and mechanical shock compression joj can 
improve flux pinning potentials and will be evaluated in this development as well. 

Finally, once large area films have been deposited onto ihe tape structure which have 
suitable electrical properties, the spatial characteristics of currents flowing in these films 
under applied magnetic fields will be measured. These measurements will be crucial to the 
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determination of the optimal topological surface structure for the high-field magnet. This 
work will be done with the MIT Francis Bitter National Magnet Laboratory in Cambridge, 
MA. Once these properties have been assessed, a coil utilizing the wire tape in a pancake, 
Bitter coil, or hybrid pancake-Bitter coil geometry will be designed to generate a 5-6 Tesla 
field and tested. 
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TABLE I 


DESIRED ATOMIC MEASURED ATOMIC SURFACE 


SAMPLE PERCENTAGES PERCENTAGES UNI- 


I.D. 

Ba 

Ca 

Cu 

Ba Ca Cu 

FORMITY 

223-02 

28.57 

28.57 

42.86 

30%±2 28%+2 42% +2 

GOOD 

233-02 

25.00 

37.50 

37.50 

28%±2 41%+2 30%+ 2 

POOR 

243-01 

22.22 

'44.44 

33.33 

22%±1 46% +2 32%+2 

GOOD 

253-02 

20.00 

50.00 

30.00 

20%+ 1 48%+2 32%+ 2 

GOOD 

224-02 

25.00 

25.00 

50.00 

29% +2 29% +2 41% + 2 

POOR 

225-01 

22.22 

22.22 

55.56 

26% +2 25%+2 48% +2 

POOR 


Table I. Stoichiometric control achieved by spraying nitrate precursors 

dissolved in water and 20%-vol glycerol on substrates heated to 260 C. 


Table II-XRD orientation 


POWDER 
fhkll I/Io 

PYROLYSIS 
thkll I/lo 

RF SPUTTERING 
fhkll I/Io 

002/5 

002/2 

002/9 


004/2 

004/5 

006/5 

006/4 

006/8 



008/4 


103/5 



105/1 


0010/9 

0010/8 

0010/9 

107/87 

107/3 



110/2 



200/100 
1 IK/14 
1 1 9/5 
205/5 

0012/100 00 J 2/ 100 

210/17 

212/10 

214/8 

220/47 

lOH/1 

200/2 

1112/1 

300/18 

215/1 

0018/25 0018/18 

316/14 


X-ray diffraction patterns for TbCaBaiCu?. The preferential orientations of a spray 
pyrolyzed film prepared during Phase I is compared to those of an epitaxial rl- 
sputtered film, (Yolchikawa, et a!., Appl. Phys., July 18, 1988), and to the random 
orientations of a powder sample, (Hermann, PHYS. REV.) LETT., Vol. 60, No. 16, 
1988). 
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Figure 1. DTCA spectra of Cu 2 ( 0 H) 3 -N 03 *the residue of aqueous Cu(N03)o dried 
at 170 C. 
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Figure 2. DTG A spectra of aqueous Ca(NC>3)2 dried at 170 C. 
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Figure 5. DTGA spectra of mixed 212-Ba-Ca-Cu hydroxynitrates dissolved 
and ethanol (20% vol) and dried at 120 C in air. 
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Hsiio of Met cl C alien to Copper Cction 


Cu/Cu and Ua/Cu Ratios in Film «nd Solution versus Substrate Temperature 



Substrate Temperature (Celsius) 


Figure 9. Ba/Cu and Ca/Cu atomic ratios in films sprayed from mixed BaCaCu 
nitrates dissolved in water and ethanol (20%vol) versus substrate 
temperature. Ba/Cu and Ca/Cu atomic ratios in solution are marked by the 
solid lines. 




Cation Incorporation Rates vs. Substrate 
Temperature (Assuming 100% Incorporation) 



Figure 10. Percent incorporation Titles tor Ca and Cu sprayed from mixed BaCaC 
b nitrates dissolved in witter and ethanol (20% vol) versus ^ubstrau. 
temperature. (Ciilculated assuming 100% Ba incorporation over substrate 
temperatures). 
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Hgure 1 2. R-T curve lor TI-Ba-( a-t'u-O superconductor prepared by spray pyrolyzing a 
Ba-Ca-C'u-O precursor film and thallium diffusion to Ibrm the supe rconductive phase. 


Insulating Adhesive Tape 



Figure 13. Cross-section of the prototype design of Tl-Ba-Ca-Cu-O wire tape for use 
in a superconducting magnetic coil. (Not drawn to scale). 





Plate 1 . SEM micrograph of a spray pyrolyzed Ba-Ca-Cu-0 precursor prepared 
using a water-only solution. (Magnification 1250 X). 



Plate 2. SEM micrograph of a spray pyrolyzed Ba-Ca-Cu-0 precursor prepared 
using a 20%-vol ethanol/water solution. (Magnification 1250 X). 
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Plate ° f 3 f pra + y pyr ? lyzecl Ba-Ca-Cu-O precursor prepared 

using a 20/o-vol glycerol/water solution. (Magnification 1250 X). 



Plate 4^ SEM micrograph of the submicron microstructure of the grain granules in a 
spray pyrolyzed Ba-Ca-Cu-0 precursor film prepared using a 20%-vol 

?ur?pnt K[ S0,u /S n - Vyeak links connecting granules limit high critical 
current densities. (Magnification 12. 9K X). a 
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Plate 5. SEM micrograph of a crack in a Ba-Ca-Cu-0 precursor film lifting off from a 
ytterium-stabilized zirconia substrate reveals the porosity of the preliminary 
films. The high density of weak links in the films will have to be reduced to 
obtain reasonable critical current densities. (Magnification 3.01 K X). 



Plate 6 Backscattered electron SEM micrograph showing the baseline chemical 
uniformity of the Ba-Ca-Cu-0 precursor film prepared using a 20%-vol 
glycerol/water solution. (Magnification 321 X). 
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Dantam Rao 


The purpose of this session is to explore the interest of the magnetic bearing community in 
applying superconductors to magnetic suspension systems and to discuss the issues related to these 
applications. As most of you probably know, superconductors have good potential, at least 
theoretically; the current density of superconductors is an order of magnitude or a couple of orders 
of magnitude higher than the current density of copper. Typical values are about 10 Amps per 
square millimeter versus about 100 Amps per square millimeter and flux densities are also fairly 
high. The flux density of copper as used in magnetic bearings is limited by iron to about 2.3 Tesla 
compared to the flux density of superconductors which could be demonstrated up to about 20 Tesla 
for short samples but typically about 5 Tesla normally. So this theoretical potential could be 
translated into some practical applications to improve performance. I think that this is the particular 
motivation for this session. We have a panel that consists of people who I suppose most of you 
know. On the right side we have Gerry Brown from NASA Lewis who was in the 
superconductivity area about 30 years back dealing with superconducting magnets and Dr. 
Abdelsalam from Madison Magnetics who has been working for the past 10 years on MSBS and 
associated systems and on the left side we have Dr. Warren Kelliher from NASA Langley who is 
working in the area of high T c superconductor development and applications, and on the left most 
side we have David Eisenhaure, President of SatCon Corporation who has expertise in Low T c 
superconducting suspension applications. The way in which we thought we could organize this 
panel discussion was to give some time to individual panel members to give us their views about 
the applications and possible potentials of superconductors and then to have audience participation 
for interactive discussion to identify other potential applications. We’ll start with Gerry Brown to 
talk about his views. 

Gerald Brown 

As far as applications go, I will note the ones that we are interested in at NASA Lewis 
where cryogenic temperatures are inherently available, such as turbo pumps for perhaps the Space 
Shuttle main engines or orbital transfer vehicles. Liquid hydrogen is the most attractive from a 
temperature viewpoint because its way below the critical temperatures of the superconductors we 
are talking about and also its perhaps the safer application. I'm not sure whether people are that 
ready to accept heavy current windings in a lox pump where every metal present can become fuel 
We’re also interested in vibration isolation in space at Lewis but because of the associated 
cryogenic support that you would need with high temperature superconductors I don't really see 
them as being applicable in that area except perhaps if you have a very large coarse isolation stage. 
For instance if you were going to isolate the entire experiment payload bay; get a rough isolation at 
that level where you could afford perhaps the cryogenic support system and then provide finer 
isolation at the experiment level. One of the key problems of high T c superconductors (many have 
already been mentioned), current density, looks as if it will come along. 1 was talking to John 
Steckly and he mentioned that there had been reports of current densities that rival that of NbTi, 
Niobium Titanium. Structural integrity of the ceramics is often focused on but this is not a new 
problem. It has always been assumed that the inter-metallics like Niobium-Tin and that son of 
compound would fail if you ever allowed the superconductor to go into tension so it’s always a 
prestressed compressive situation that you want this type of superconductor to be in. So that is not 
an entirely new problem. The degree of the problem may be different. AC losses seem to me to be 
a major consideration and these have been beaten for the lower temperature superconductors to the 
extent that AC coils can be operated at power line frequencies. There are about three different 
kinds of AC losses and they all respond to making finer filaments and twisting these filaments with 
ever tighter pitches and transposing these filaments by twisted twist and so forth. Whether you can 
actually manufacture the ceramic materials in this form is certainly not clear, we don't even have a 
big bulk superconductor that's usable yet, but if we expect to carry any substantial component of 
AC current in the superconductors these items will have to be faced up to. On the other hand, it's 
been suggested by some of the people at the University of Wisconsin, Roger Boom and company, 



that perhaps you don't need to carry the highest frequency components in the superconductor 
itself. If you do have a normal sheath then that part of the Fourier analyzed current that is of high 
frequency can perhaps be carried in the sheath and what is of low enough frequency to soak in 
through the skin depths of that conductor could then be carried by the superconductor, so perhaps 
you don't have to get the entire AC signal or AC current to soak clear into the core superconductor. 
Then finally just harking back to the days of the old superconductors, it could take a long time. 
From the time that people started showing really good current densities in short samples of 
Niobium Titanium and Niobium Tin it was probably 10 years or more before we had decently 
stable magnets that you could depend upon. So it won't happen over night in my opinion. As far 
as the thing that's going to work first, I was very pleased to see what Dantam had presented a 
couple of talks ago. Everybody's attracted to superconductors because they can produce so much 
field and since force goes as the square of the field, if you can get five times as much field, say 10 
Teslas as versus 2, it’s very attractive, but the structural problem is substantial when you take that 
big of an increase so I think that easiest first application is going to be just the replacement of 
copper by superconductor as Dantam was talking about. In the first place the conductor is not 
subjected to very much stress, the relative permeability of the iron or iron cobalt core gives some 
indication of relative stress. In fact I guess it may even go as a square of that but the winding in an 
iron core system doesn’t see that much stress unless you try to bend it around a square comer or 
something. Furthermore, the AC loss situation would be easier to handle there. One advantage 
that Dantam didn't go into in his particular study is that you can push the core materials into the 
saturated range if you have plenty of ampere turns to burn and I think that is an attractive thing that 
could yield another factor of 2 on the load capacity. One further thing - people that come to this 
discussion from superconductivity tend to think of big coils running at 10 Tesla and no core and 
people that come from magnetic bearings tend to think of just replacing the copper windings. One 
thing about using the cores is that you do not have much in the way of fringe field. The distance 
that fringe fields go is going to be more in the order of the gap than of the coil diameters. Many 
applications that we’re interested in such as space applications, may be applications where 
substantial fringe fields are unacceptable. Without a core it's hard to build a compensating set or 
windings where the field doesn’t project a long distance. If you did go with the pure higher 
temperature windings without a core you can get pressures that rival the best that you can get _ in 
films. I forget the numbers exactly, more than 2000 psi I’d say would be easy. At least the field 
strength indicates you could get that much. If you are willing to put coils on the rotors you can not 
only get attraction but also repulsion but again the fringe fields are worse. 1 have already 
mentioned the AC loss but one final thing before you actually go and design a high temperature 
superconductor winding for liquid hydrogen temperature: I think an analysis should be done to 
determine whether high purity aluminum could do better. Somebody this morning or yesterday 
mentioned that you can get resistance ratios between room temperature and hydrogen temperature 
of 400 or better with very high purity aluminum so you really ought to check where you d be better 

off. 


Dantam Rao 

Thanks, Gerry, I would now like to hand it over to Moustafa to talk about his experience. 


Monstafa Abdelsalam 

Mine will be easier than Jerry because I'll talk about the Magnetic Suspension and Balance 
Systems for example. This is where you have to use superconducting magnets for the support 
system. If you try to use copper magnets the size would become too large and some of the 
magnets would get away from the model so that you will not be able to use reasonable size 
magnets for the wind tunnel. So I think the first application of low temperature superconductors 
would be in large gap magnetic suspension and levitation and there I think that it would be a 
mistake for somebody to wait for high temperature superconductors to use for those applications, 
because as Gerry said, and I think that everybody agrees, that development just to make a 
superconducting solenoid may be 10 years along the road, not something that will happen in the 


next couple of years. The gain that you will get there from high temperature superconductors 
versus low temperature superconductors is not that great. You still have to use a cryogen to cool 
the magnet and the structural supports are the same, so unless you can make the high temperature 
superconductor material itself cheaper than low temperature superconductors, the gain there is not 
necessarily that much. You gain some on the refrigeration power but that is most of what you get. 
You know the comment about the aluminum for hydrogen temperature - you can use high-grade 
aluminum. You could actually get down to 2000 resistance ratio for that current density and that, 
with liquid Hydrogen, might be in the range of somewhere between 2 kiloamps per centimeter 
squared and 4 kiloamps per centimeter squared depending on the size and where you can get the 
surface cooling. The only problem that you find there is that the high-grade aluminum is very soft 
so something has to be done to structurally support it. Another application where you have to, just 
by nature, use superconductivity is for energy storage where you can just store energy in 
superconducting coils and for that you can't use any other methods. You know you are forced to 
use, just by the nature of the problem itself, superconducting material. 

Dantam Rao 

Thanks, Moustafa. Now 1 will turn it over to Warren. 

Warren Kelliher 

Thank you very much. Can I see a showing of hands of the people who attended the 
Magnetic Suspension Workshop two years ago? Do we have any of the people here? Just a few 
of you. One of the things that was outstanding to me is comparing the papers and the presentations 
that we have today versus what we had there two years ago. Because two years ago the 
announcements of these superconductors had just come out, you had the hype saying that they will 
solve the world's problems etcera. Then we went into the dismay of finding that these materials 
were not that easy to work with and everything else. What we have now is sort of a hard-core 
group of people who are working with the engineering properties of these materials and putting 
them into a fabricated shape so they can be put into magnets, both small and large gap type of 
materials and the work is progressing quite well from what I can see because we've learned an 
awful lot in those two years about what causes the high J c s that are necessary for keeping these 
materials in the superconducting state. We've got up to, in some of the single crystal materials, 106 
amperes per square centimeter. It shows the possibilities, even in the bulk, of getting into 
thousands of amperes per square centimeter and that's all we really need for most wire type 
applications. One of the things that I disagree with a little bit on the MSBS is that we do have an 
NTT tunnel here and that handles a cryogen and therefore you automatically have the cryogen to 
run an MSBS system. However, going to a Helium-cooled system causes the cost to become very 
prohibitive (a million dollars a day or something like that). So high T c material will provide a very 
nice MSBS system, at least for the NTF tunnel here, that will be able to support the model and get 
rid of the interferences associated with the sting. One of the persons that attended two years ago 
was Dr. Jack Crowe. 1 was hoping that he would be able to show up this time but he couldn't. 

He is in Florida state right now and is now Head of the Magnetics Institute. I hope the problem is 
solved there between Boston and Florida but this is again its thought of focusing some of the 
activities in the superconductor materials towards the magnetics field and I see much more of that 
going to take place in the future. The high Tc materials are going to find much more practical use 
as a magnetic material in the future. 

Dantam Rao 

Thanks Warren. I think we appreciate your comments on real world applications and how 
far we are today towards these real world applications. Now, I would like to turn it over to David. 



David Eisenhaure 

As advertised, I'm Dave Eisenhaure and I am currently employed by SatCon Technology 
Corporatr u p ”cambnd gC , ngh, down .he sheet from the magnet 

we can talk to the people during lunch hour and get their views on the whole problem. SatCon 
specializes in magSeti? bearing and suspension systems; we’ve 

magnetic bearings and superconducting bearings and suspensions. In fact the Jjnear^cal disc 
bearing in the back of the room is one of our products - just to get in a little adverdsementwhile 
I'm uphere and got the mike. What I thought I would do, since I didnt bnng any viewgraphs, is 
tell you a little bit about some of our experiences with superconducting magnetic bearings and w 
drov^us down that path and what really created the need. I think our experience may be very 
typical of other applications. I think it was four and a half years ago when we received a contra, 
todesign an electromagnetic actuation system for laser radar mirrors. For people who aren t 
familiar with them, these are extremely agile mirrors; they weigh sewt^undred T»unds, t y^ 
two to three hundred kilowatts to drive them; and they require consol frequencies as h gh as 400 
Hertz The typical approach to that problem is hydraulic. That s the competition in th 
application. The problem is that if you lose a drop or two of that hydraulic fluid l you > min the 
optical surface in the mirror so there's a lot of need to go to a magnetic suspension a 
system or there's a lot of belief that going that way will eliminate some of these problems The 
difficulty is when you begin to look into that problem you find out that the inertias ^associated l w th 
conventional soft iron magnetics suspending and driving these systems are so high ^ 
meet the system performance specifications. You basically can t drive the actuators themsel e 
even without thekiser radar mirror attached. We began looking at superconducting magnetic 
suspensions and drives and these superconducting suspensions and drives were basically 
superconducting fields coupled with either normal conducting or hypercon lucting armatures. 
X7wffound 8 out by going down that path was that with normal conduct ng armatures we could 
basically beat the specific performance requirements of hydraulics by a little bit and with 
Superconducting armatures we could beat them by a lot. Since then we ve had several addtional 
E^™SSnf laser radar mirror development pmgrams and we've extended that t«:hndog> to 
theadvanced concept CMG that Jim Downer reported on yesterday. 1 think one thing to keep n 

Pa« Wolke made dujg his talk describing d^iffemnttands o actcators 
that are available and which can be built for magnetic suspension and torq..ing systems. I think 
you know that when you're developing superconducting systems you have- the jsame ! opuons . 

Every one of those actuators has a superconducting analog and perhaps you have even 
because it is not necessary to use iron in all of these applications because of the very ig 
densities. I have been to a number of these magnetic bearing and suspension conferences and no 
we're kind of talking about a niche within a niche here because we re talking about 
superconducting magnetic bearings within the general realm of magnetic * 

and if vou look at magnetic bearings and suspensions in general it s kind of a niche techi otogy. 

It’s emerging and the ilace that it can attract research and development funds are the area * when 
it's either anenabling technology (you can’t do it any other way) or just has an overwhelming 
^valgerrSional JS&*. It's go. to be a lo, better than dte iway ' £ 
done or nobody's goi ng to do it and for magnetic bearings you see a few of those places be g 
found right now It's happening in canned pumps, it's happening in certain specialized kinds ; 1 
ZS Some ,*opk believe it's happening in atlitude control wheels and in some parts of 
the world it's happening in machine tool spindles for extremely high speed very prease rnachini g . 
1 think by looking at iow that's happening with conventional magnetic bearings and su p 
vou can look at the p oblem and say: where can we really use superconducting suspensions - 
where they have a un que place in the world and there are some areas. One area is the application 
dmfwe found for hig /performance CMGs, laser radar mirrors, those kinds of very high spec ific 
performance requirements. That same kind of requirement is what s dnving the pwple that a 
trying to buildGigav att size power systems on space or to put mul,, ^ ou f nd . t h rS^the other 

electrical drives in submarines. They want to make them small, compact, and light. O 

side^f Uiings^dl'ere are some people that want to build rotating machinery w.th m.crowat. k,nd S of 


power levels that they're going to send to Neptune or something and maybe the zero resistivity 
requirements of superconductivity will enable that. Maybe it's hard to build that machinery with 
conventional technology. There's a couple of things that haven't been mentioned here (Dave 
Trumper mentioned it a little bit) that is related to very precise positioning systems. One thing you 
don’t usually think about in servo systems, because usually you're being buffeted by everything, 
is the internal noise in these systems. If you're building a very quiet, very precise positioning 
system, what you may find is that the Johnson noise in the actuators is the predominant noise 
source in the system. Well, superconductors give you a mechanism to eliminate that. I think, 
along the same lines in very many precise stable systems, like perhaps electron microscope slides, 
where people are talking about positioning accuracies of an angstrom or better, introducing any 
heat into those systems is a big problem. You don't have the stability in the materials if you're 
introducing milliwatts or higher levels of heat and superconductivity provides an enabling 
mechanism for that kind of a problem. 1 think one of the things that a group like this can do is to 
provide some guidance to designers like myself as tar as what are the applications that are really 
needed and what are the requirements for those applications. What should we be designing and 
why and that's all I have to say, Thank you. 

Dantaro Rao 

Thanks, Dave. Now, I have a few words to say about the experience that we have at MU 
We have, of course, had a couple of contracts dealing with superconducting applications from SD1 
and NASA and basically the object of the study was to identify potential applications in SDI 
systems where superconductors could form a good marriage with the system requirements. I is a 
rather difficult study because of the fact that, as you know, most of the SDI systems are politically 
oriented - they change from day to day and what you see today in the newspaper may not be found 
the next day. Within that kind of uncertainty we did in fact study the Phase I architecture of SDI 
systems and found that there is a certain scope where the cryogenic fluids are naturally available 
within the system. Basically, in the space based engines, that is the power engines where the 
cryogenic turbo machinery exists and the cryogenic turbo machinery already has liquid hydrogen 
available as a fuel. That is one potential application. The other applications which we feel are 
there, as was pointed out earlier, the space shuttle main engine hydrogen turbo pump and similar 
turbo pumps that are being planned. The liquid hydrogen is already available and there is a good 
marriage between the requirements of the superconductor with the applications needs. The 
application demands that the bearing should be very stiff and high load. The high load and the 
high stiffness requirements are normally met now by rolling element bearings and it is difficult to 
meet the same requirements by any other bearing other than a veiy high stiffness superconducting 
bearing. In addition to that I may digress a little at this stage to say that when I looked into tlu 
applications I saw the basic trends in the world and I saw a divergence in the trends between what 
Japan does and what the United States does. The Japanese, most of the time, focus mostly on the 
commercial multi-unit kind of applications where the research dollars are spread over a number of 
units so that the people will benefit. They probably start to identify an application right at a top 
level where people will use it, mass produce it, and then develop the technology from that state 
whereas in the United States I see that most of the applications are targeted at one-of-a-kind 
applications and the research dollars that the government spends are concentrated on that 
application and there is actually a problem there. Let me assure you that is basically a socio- 
economic issue which probably some other audience member could comment on The other 
applications which we would have in mind - 1 think most of you are aware of the magnetically 
levitated trains where superconductors are used by the Japanese to levitate the entire train. You can 
consider that as basically a 5 degree-of-freedom controlled magnetic bearing except for the fact that 
the particular device is driven by a linear motor. Instead, the rotary bearings are driven by some 
prime mover, except for that difference the superconductors are being used there and the advantage 
of the superconductors there is that they open the gaps quite substantially because of the higher 
ampere turns that are generated by the superconductors. They use an eddy current levitation mode 
there and that could be a basic technology which the United States could adopt if the Maglev Trains 
come around here. The third application I think, which probably some of the members of the 



audience are aware of, potentially multi-unit applications, are Cryo-coolers where current Cryo 
cooler bearings are right now either rolling element bearings or gas bearings. I believe that there is 
a potential for the high T c superconductors playing a role in the sense that they could levitate the 
rotating shaft permanently. Once it is levitated it could run without contact and that would reduce 
the wear and the power requirements. Right now the gas bearings they use in the Cryo- coolers 
are limited by the very short clearances - roughly they are under about a 12 micron clearance. You 
could see that the wear and tear potential is very high there with the gas bearings and the high 1 q 
passive bearings could be probably be an application there. The other applications which I think 
some of the members of the audience are already dealing with are the MSBS suspension systems 
and micro-g isolators. I think there we probably need some participation from the members where 
we could extend the applications into potential space devices. With this I’ll turn over the floor to 
the members of the audience and invite them to participate in the discussion. 


Pat Wolke -Honeywell 

Just another chance to editorialize little bit 1 guess but to reiterate what Dave said these 
applications have to be enabling technologies, or something where you get a significant 
performance increase and I would be wary about overselling the capabilities of some ot these 
devices. Maybe in the realm of spacecraft applications we talked about ball bearings having a 
limited life and wear out mechanisms. One of the key wearout mechanisms is eventual loss ot 
lubrication and I see in superconductivity that you also have effectively a consumable in the 
cryogen and if we talk about applications where they've got a lot of liquid hydrogen onboard 
anyway, all for this other stuff, we've got it available for us. Well typically, in control applications 
where you might be i sing magnetic bearings, those are operational for the entire hfeof the ^ 
spacecraft and the other consumables are sitting ready for a particular application. They don t want 
to pop the canister for those. Once you pop the can you can't reseal it, it leaks. So that 
consumable that you have is part of your control system and must be included in calculations ot the 
lifetime of your device, so we have to be careful about overselling these things, getting people too 
excited and then being basically disappointed at the end. We have to be realistic up front and 
include all of the things that are necessary in the system. 


Dan tarn Rao 


Thanks, Dave, it is your turn to answer the question. 


Dave Eisenhaure 

1 get to answer that? Yes, 1 agree and I think we see two kinds of things; one thing is_ 
people are going to send up satellites that they really need and they are going to get data back from 
those; the other is the kind of thing we see at SDI and that is where some grandiose Battle station 
is going to be built in the sky and that may never happen. I guess there are two levels. My 
thought was that superconductivity is a niche within a niche. I personally think that for a lot ot 
spacecraft applications, conventional room temperature bearings without superconductors are just 
fine. It is not at all that clear you need superconductors to do those things. If you go down the 
path a little bit and you say, "we have some applications where wc really need superconductors, 
we have to build a torquer that weighs 5 pounds and produces 4-5000 foot/pounds of torque in a 
direct drive application," maybe what we need is a space-rated refrigerator to really use these 
things. That’s what the people that are trying to put superconducting electric drives into ships 
believe. They believe that one of the critical pieces of equipment they need in order to use these 
guys is a refrigerator and whether that refrigerator makes 70 degree Kelvin or whether it makes 4, 
it's a critical part and we don't have it. You can buy it for your lab, but you can t buy one to put in 
a ship and you certainly don't have one that can fly. Now, maybe magnetic bearings, either 
superconducting or maybe not superconducting are a part of that system, and you know, I ™ a 
little bit prejudiced and I think that perhaps they are, but you know that's one of the things that has 



to be thought about. If this is going to happen, that's one of the pieces that has to be done and 
someone has to do it and someone has to pay for it. 

Pamam Rao 

Thanks, Dave. I think that I'm going to offer a small comment on that. I would tend to 
agree with Pat's comment that there might be a likelihood of overselling, because of the fact that 
for over the past 50 years of activity in the superconductivity area we have a very few mature 
applications where the dynamic environment is involved. One particular application where the 
experience was gathered over 15-20 years that comes to my mind was the superconducting 
alternator program and the government spent a lot of money on that program and the only 
comments I heard from the funding agencies were that the multimegawatt alternators haven't 
produced a single watt. 

Gerald Braym 

Just one quickie, in some missions the cryogen may not be a consumable. If it’s supposed 
to last long enough so that they've found a refrigerator is better than just a certain amount of 
storage, then you're just using power instead of the fluid. 

John Steklv - Intermagnetics General Corporation 

I'd just like to make a comment. When you mention the superconducting alternator, I think 
that this is certainly one area that has been explored. However, magnetic resonance imaging is an 
area where superconductors are being applied on a commercial basis. It's the largest single 
commercial application of superconductivity. For those of you who are older you probably know 
what it’s all about, for those younger fellows that don't need to have MRI scans this is a Computer 
Tomography (CT) type device and you use 1 meter bore superconducting magnets. Now these 
didn't show up all of a sudden fully developed. You needed to have extremely high uniformity, 
measured in parts per million. You had to have magnets that didn't decay to better than one part in 
ten to the seventh per hour and you also needed to have a refrigeration system that was compatible 
with use in a hospital. Now, I think that this goes back to the system comment, you need all of 
this in order to make it work, plus you have to have it economical. You can't just have somebody 
that wants to use superconducting wire for MRI because it just won’t work. You have to use the 
wire that's available with the cryogenics system that exists now with a cryostat and with the costs 
that it takes to assemble all of this. I think again that this is the reason magnetic resonance imaging 
is a viable application today. I think that any other application needs all of these elements. The 
other area that's very successful, again it's not quite as difficult, is high energy physics. They 
make large accelerators; there's 1000 superconducting magnets that are operating at Fermilab that 
have been operating for the better part of a decade and there's the supercollider which is just in the 
process of being started in Texas that will have 12000 superconducting magnets. All very 
successful applications of superconductivity, but again, it involves cryogenics, it involves 
magnetic design that is particular to that application and the correct economics, and 1 think that 
when you have that the application will work. 

Pama m Raa 

Would anybody like to add to what John said? 

Moustafa Abdelsalam 

I think I agree with John, that if you have the application, you don't wait and I think that 
this was part of that recommendation that 1 will offer. For example, for MRI, if we waited until 
we had high temperature superconducting wires to make the magnets, we would still be waiting. 
And at the same time, we would have lost all the experience that we got along the way. Somebody 
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space station, it would make se :nse to -use g for hyd r 0ge n you can actually store it in the 
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system and you can use the magnetic energy . g ^ ^ fields on the station and you 

some studies that use toroids, in taU'ase. y f , compared to other systems. Another area 
can actually store energy there ^ done loon, is the leads for 
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Dantam Raa 

Thanks, Moustafa. Regarding John's comment, I 
John said, that the current experience of supercon u _ g ^ po i nte( ) ou t, there are quite a lot of 
have very mature and technologically proven app^ ca ^ sl jp ercor | duc ting supercoll ider is one of the 
MRI systems which are being . used aH of the I ‘^^ ^^bly be one of the potential 

systems that is being projected and an ^ytjem couW ^oa Y or 

applications but what I was trying to point . when we are dealing with 

superconducting alternator for my eommen s w s Y h thc mechanical devices are 

had to demonstrate the utility of the supercon uc thought could be compatible with the 

m^rmhc^su^n^io^^i^^^^s^hTch the superconductors may face in .he fu.ure if we ihink of 
inserting the superconductors into mechanical systems. 


Robert Humphris - Univ fridtv of Virginia 
ro *,m g ™hi^ 

losses involved at these frequencies, is this going to be a real pro e 

Dan tarn Rao 

Le, me comment on that. I think that there are 3-4 wa«in«*id.we ««£*«*£ 

superconductors inserted into magnetic tearmgv mfomble°was immediate insenion by replacing 
probably feels comfortable with, and 1 also feel to if yoU do that then 

the copper by superconductors. That is an a PP 1 , alternative approaches. That 

you are going to face the problem which the flux 

is, instead of trying to expose the super o nenTnnent magnets in persistent current mode and 

•" i decoupled mode. If you do .ha, .hen you can 

avoid the problem. 


Bob Humphris 


bias? 


In that case, what would be the advantage of superconductivity over a permanent magnet 


Dan tarn Rao 


i a t ,° ka ^’ there J th,nk 1)16 answer Is that Permanent magnets have a maximum flux-density of 
1 3 Tesia whereas the magnetic materials saturate at around about 2.3 Tesla. There's a difference 
of I lesla, so probably the superconductors could play a role by increasing the bias flux-density. 

Un-identified Speaker 


l m intrigued by the idea of energy storage that was alluded to a little bit ago. Maybe this is 
wha^/you 're alluding to?^ 1 ^ diSCUSS ' ng here ’ can somebod y g*ve me a thumbnail sketch of 


Moustafa A bdelsalam 


Okay, there was a study at the University of Wisconsin, on superconducting magnetic 
energy storage for space applications, where you can ship toroids. D-shaped toroids, to the space 
station and use them to store energy. What you do there is like a persistent mode electromagnet 
where you have the current flowing all of the time in the electromagnet. You are storing the energy 

fhAKT fie d T d yC i U can in l nd take part of 11131 ener gy> y° u can charge and discharge 
the electromagnet. It works much like a battery except that you are storing the energy as a 

magnetic field not as a chemical reaction and actually there is a Defense Nut lear Agency (DNA) 
Phase I contract study on building 20 megawatt hour superconducting magnetic energy storage 
That s for utility applications where you level the utility power. You charge it over night where 
y °V nl? 0 ' HaVe mUCh 0adf T ll ? e u , tlIlty and dlsc harge it during the day when you have a peak load 
a Y you t c f^ evel the * oad on utility. The first phase of this study was just submitted, 

I think, in August, beginning of August of this year and DNA is studying two designs and I think 

DN i A WlH deC ‘ de Which design is going to built for the nex t four years 
so that s Phase II of the study. J 

Kirk Logsdon 

I had a question for the panel. Given the practical limitations of keeping flux contained in 
he circuit arid not spewing all over the place in certain applications, does anyone on the panel feel 
that research on better soft magnetic materials should be pursued in light of the superconducting 
coils that we have potentially coming on the scene some day? ° 

Domain Rao 

I don f know, maybe I'll try to answer that question. It depends upon the system which 
you have in mind. If you have in mind aerospace systems, at least the systems that I have come 
across - the SDI space systems, most of them are extremely sensitive to flux lines. Let me back 
up. I think that there are two types of systems in SDI. There are Sensor Systems which sense the 
oncoming missile where they use infrared detectors. Those systems are very sensitive to magnetic 
flux lines. There are Weapons Systems which throw the missiles on the oncoming missile and 
those Weapons Systems may not be that sensitive, like lasers for example. But the Sensor 
Systems are going to be quite sensitive to flux lines. One way of containing the flux lines is soft 
magnetic materials as you were suggesting. The other way could be using the superconductor in a 
diamagnetic mode, which could probably be attractive, 1 don't know. Probably there is a need to 
see the system tradeoff between the weight of a diamagnetic shield versus the weight of the 



magnetic material shield. I think that is a systems study, every specific system has to be looked at 
to see which approach looks better. The approach which we thought could be better is to channel 
the flux, to solve that particular problem using iron, at least right in the beg nning. 


Don Rote - Argonne N ational Laboratory. 

We did a study a couple of years ago on applications of superconductors and high 
temperature superconductors to transportation, and one of the things that we looked at was the 
question of SMES, Superconducting Magnetic Energy Storage, and what we found was that in 
terms of the amount of energy that you could store per unit weight you simply cannot beat a batter/ 
for storing energy. There's no way around it, the mechanical stresses are sufficiently great that by 
the time you include the components necessary to retain the magnet form, and it gets even worse in 
the case of a toroid, that you simply cannot beat the battery. But there are certain cases under 
which you £an beat a battery and it therefore becomes the same question that was raised before and 
that is what are the special applications where superconductivity does provide some benelit. t 
does not provide benefit in terms of energy per unit mass stored, but it does provide benefits in 
terms of how fast you can charge the system, how fast you can discharge it, how many cycles you 
can go through. Chemical batteries are very bad, notoriously bad, when you try to charge them 
very fast, discharge them very fast, or expose them to many deep cycles. If the superconducting 
coil is properly designed you can charge it fast, discharge it fast, and recycle it many, many times 
provided the mechanical stresses can be properly accounted for. So there may be applications in 
the space environment, as there are on the ground, where you can take advantage in that regard, 
but don’t be mislead by the notion that you can beat a battery for energy storage per unit mass, 
because to our knowledge, at least at the present time, it can t be done. 


Dantaro Rao 

Yes, that is an interesting observation, and 1 think that Moustafa would be the right person 
to answer the questions raised, fm aware that the sponsor to the SMES project had the object of 
demonstrating the trade-off between the energy storage device versus batteries by experiments. 
Probably Moustafa would be able to add something more to that. 

Moustafa Abdelsalam 

I tend to agree with you. I’m talking about power per unit mass. If you try to get a certain 
level of power from batteries, you will not be able to do it. You will have an energy storage 
magnet to do that. Its not energy per unit mass. 1 should have mentioned that. 


David Eisenhaure 

One of the things that hasn’t been mentioned too much today and which we hear about in 
the newspapers is the need to ground-test large space structures and I hear stories about NASA and 
other agencies flying larger and larger space structures and the question of how these things can be 
ground-tested and how you simulate a space environment. There hasnt been much discussion of 
that here and it seems like we're probably at the right NASA Center to discuss that, was 
wondering if any of the NASA people could comment on what the needs are and whether some ot 
these large gap suspensions would be applicable to that task? 


Dantam Rao 


1 think the comment is open to NASA personnel here. 


Nelson Groom - NASA Langley Research Center 


Well, in answer to that question, I think that there ms applications lor magnetic suspension 
to ground tests. As you pointed out, ground testing is very important. There are problems testing 
anything on the ground, as you know, but with large space structures, it is even more so. The less 
influence that you have on a structure, the better off you are, so the answei is yes. 

John Murphv. Rockwell 

I'd like to comment on current space vehicle design and currently it s influenced very 
heavily by the propulsion system and currently we think that the HO propulsion system 
(Hydrogen-Oxygen) is the best for specific impulse. There are other servicing fluids that we could 
pick, but for other reasons, the current design is for that. That leads you to hydrogen and oxygen 
in a cryogenic form or a slush form with high density fuel cells that we currently know about 
through Air Force technology. It looks like superconducting technology as a complement to that is 
very applicable to future space vehicle design and I have alluded to this with several of the speakers 
but it is certainly a fertile area that we should explore for future space vehicle design, specifically 
for SEI or interplanetary application where maintenance becomes a big problem and in-flight 
maintenance becomes a reality which you must address. 

Dantam Rao 

I tend to agree with what we tentatively conclude in our SDI sponsored study - that is 
basically liquid hydrogen was one of the most abundant fluids in the SDI systems and maybe the 
applications could target liquid hydrogen temperatures. But instead of targeting an application like 
that before you start experimenting with liquid hydrogen fluid straight away, maybe you could start 
gaining experience by conducting demonstrations using liquid nitrogen at a higher temperature, 
gaining experience then go down to liquid hydrogen. The two-tier approach could be a viable 
approach to develop and demonstrate the technologies. 

Colin Briteher - Old Dominion University 

1 have a comment. I guess I’m sort of a believer in technology demonstration exercises for 
their own sake. I think that is a throwback to the early operations of NASA where they built X- 
Aircraft because they were kind of nifty things to build. (They learned an awful lot on the way of 
course.) I guess the LGMSS experiment that was described this morning counts as a technology 
demonstration exercise and I got the impression from Pierre DeRochemont that there was some 
effort to build a high temperature superconducting magnet with the National Magnet Lab, which 
may also qualify. Are there other efforts underway or should there be other efforts underway? Is it 
the right time for people to try to build large magnets that can carry high AC currents, that kind of 
thing? 

Dantam Rao 

If I understand your question, I think the question was— are there applications other than the 
MSBS for the large magnets-am I right? 

Colin Briteher 

No. The question is: should people be trying to do technology demonstration exercises; 
build hardware almost for its own sake, just to show the practicality of using superconductors on 
large scales or for ui steady load applications or for large force applications, that kind of thing 


040 
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I don't know. My comment may sound personal .0 

rather stringent unless a specific application is arge • ld ^ use( j f or a specific dynamic 

start demonstrating that High-T c magnets or understand the 

environment. I think that maybe my comm™ ** j® environment simultaneously keeping in 
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the continued funding from the government. 


David Risenhaure 

I have another perspective on that If you 

magnetic bearings have been around or a u . y ■ program manager to put 
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should happen. 

John Murphy 

David, to comment that the next flight vehicle that is a * 

the X-30, the NASP experimental 

2005, to demonstrate some of the space application tor this new comp c j 

lohn Steklev 

I jus. warned .0 make a comment on the fact 

been developed recently with very low I 'lament si res aK ‘ er frequencies, for things like 
copper and these have been developed in or , _ available today You can't buy them 

transformers, power conmd — M. a few rnd,v,dna y . 

in the same sense you can bu> Niobium I j here I think it makes a lot of sense to 

Dfxter Johnson, NASA Lewis 

I’ve only been on board with NASA Lewis for about 

learning about magnetic applicatmns and so o J u into the suspension of large 

thesis research here at NASA Langley, just to address your had u> do l wlth trying to 
space structures, earth-bound testing and so fort y 4 _ system in which you’re doing 

minimize .he dynamics which you have couphnf u C 0 7’ lhe work that has been 
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Gil 


where magnetic bearings or magnetic actuation could play a part. Some of the other things that 
have been used have been air tables and that type of thing, although those have caused problems. 
I'm sure that magnetic suspension could very well be used and it's a big area that magnetic 
suspension could be applied to. 

David Eisenhaure 

Where did you do your thesis? 

Dexter Johnson 

In the Structural Dynamics Branch, but now it's Spacecraft Dynamics Branch here at 
Langley and I did it with the University of Buffalo. 

Dantam Rao 

Are there questions? I think we have stretched it a little bit beyond our scheduled time, 
because it's tea time. Anyway I hope you are very, very thirsty. In conclusion, I would like to 
thank all of the audience who participated in the discussion and hope we have increased the 
awareness of superconductors in the magnetic bearing community and that the next time that we 
meet, we will have the opportunity of listening to more presentations where superconductors have 
been used in bearings or suspensions or similar devices. Thanks very much. 
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Plot gives magnitudes of various disturbances verses their characteristic 
frequencies. 
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Response of the system can be adapted by using various 
sensing feedback methods in the feedback control loop. 
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Active Vibration Isolation Mounts 

By 

H. Ming Chen 
Richard Dorman 
Donald Wilson 


Abstract 


Several approaches toward reduction of vibration from operating machinery to 
ground through active electromagnet mounts are discussed. The basic approach 
to active mount design is to take advantage of the force attenuation charac- 
teristics of soft mechanical spring mounts and supplement their limitations 
with an active electromagnetic system. Techniques discussed include 
vibration cancellation approaches, as well as a method of altering mount 
stiffness and damping properties at the disturbing frequencies. Ana LyticaL 
and experimental results are presented encompassing the magnitude of force 
reduction and the stability characteristics of each technique. 


Description of Figures 


Figure 1 

The advantages and capabilities of an active mount are summarized in th ! tabu- 
lation of F i gure 1 . 


Figure 2 


The objective of the active mount as summarized In Figure 2 is to isolate 
machinery or platforms from ground. This is accomplished by sensing the force 
transmitted to ground to drive an electromagnet. 



Figure 3 


This figure illustrates a typical mount using an elastomer to support the 
weight and an electromagnet to provide dynamic forces. 


Figure 4 

Vibration control techniques to be reviewed include the use of filters to 
control the stiffness and damping properties of the support (fixed or tracking 
filters), or the use of an inverse transfer function. 


Figure 5 


The force t ransmi ss i bi l i t y curve illustrates the reduction in transmitted 
forces that can be achieved by altering the support stiffness and damping 
properties. This figure aLso illustrates that the primary advantages of force 
attenuation occur .it the lower frequency range. 


Figure 6 

Figure 6 further illustrates the influence of stillness and damping modifies 
Cions to the t ransi i ssbi l i ty of forces through the mount. 


Figure 7 


Controls of the active mount depend upon adjusting the stiffness and damping 
of the electromagnet as a function of the transmitted force as detected by a 

force gage or Load cell* 


Figures 14, 15 


These figures refer to the technique used in developing an inverse transfer 
function. The test rig is excited with a sinusoidal signal to the electromag- 
net. The amplitude and phase are recorded at the force gage relative to the 
excitation. This information comprises the transfer function across the 
mount. The control technique is to develop a similar amplitude and phase 
function through a series of filter networks. A 180° phase inversion of this 

signal will drive m opposition to the force gage signal and cancel the trans- 
mitted force. 


Figure 16 

Figure 15 is a block diagram of the proposed filter network to create the 
inverse transfer function. 


Figures 17, 18 

These figures illustrate the constructed circuit to duplicate the character- 
istics of Figures 14 and 15. Tests are presently in progress to check out the 
performance of this approach. 
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Figures 8, 9, 10 


These figures illustrate a test rig used to demonstrate force attenuation 
techniques. In Figure 8, the mount supporting a vibration shaker is shown in 
the foreground. The control function is performed digitally in a desk-top 
[BM-PC. The control signal is amplified with a linear amplifier shown as the 
box alongside the rig. A close-up of the rig in Figure 9 shows the force gage 
, JS ed as the control pickup. In Figure 10, the electromagnet is visible with 

:he mount disassembled. 


Figure 11 

This figure shows the computer CRT screen and the software control commands 


Figure 12 

In this figure, the real time vibration wave is shown above an FFT plot of th 
vibration as picked up on the force gage. In this figure, the force gage i 
inactive. 


Figure 13 

This is a repeat plot of Figure 13 with the active mount activated. The output 
from the force sensor has been reduced from an amplitude of 0.3151 v. to 
0.0252 v., as noted from the. value of Y at the bottom of the plots. 
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Active Isolation Mounts 
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Mechanical Technology Incorporated 

ACTIVE MAGNETIC ISOLATION MOUNTS 


Objective: 


Isolate Platform from Both Platform Induced 
and Ground Induced Vibrations 


Static and 
Dynamic Loads 


Method: 

Sensor Driven, Actively 
Controlled Electromagnet 
to Cancel Dynamic Forces 



Potential Benefit 

• 15 to 1 Amplitude Reduction 

• Eliminate Multiple Rafting 

• Compatible with Current Mount Designs 

• New or Retrofit Capability 

• Applicable to a Variety of Platforms 


FIGURE 2 



Mechanical Technology incorporated 

ACTIVE MAGNETIC ISOLATION MOUNTS 


Approach: 

• Electromagnetic Support in Parallel with 
Existing Mount 

• Elastomer/Spring Mount Carries 
Gravity Load 

• Electromagnet Reacts Dynamic Load Only 


^ gravity— dynamic 



Result 

Minimize Size, Weight, and 
Complexity of Active Mount 


FIGURE 3 



VIBRATION CONTROL TECHNIQUES 
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Mechanical Technology Incorporated 

ACTIVE MAGNETIC ISOLATION MOUNTS 


Approach: 

Minimize Dynamic Force Transmission 
by Actively Altering Support Stiffness and Damping 



Frequency Ratio — 



FIGURE 5 








Magnification Factor 




Mechanical Technology Incorporated 

ACTIVE MAGNETIC ISOLATION MOUNTS 


Approach: 

Control Circuit Alters Stiffness and Damping 


Electromagnet 



Adjustable 

Stiffness 


Result 

Control Parameters to Achieve 
Reduced Elastomer Stiffness 


FIGURE 7 
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Mechanical Technology Incorporated 
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FIGURE 12 
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STRUCTURAL AMPLITUDE RESPONSE 




ONO SOKKI CF--920 MINI FFT ANALYSIS SYSTEM 



i) 71 


FIGURE 15 - STRUCTURAL PHASE RESPONSE 
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FIGURE 17 - AMPLITUDE RESPONSE OF CONTROL CIRCUIT 
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FIGURE 18 - PHASE RESPONSE OF CONTROL CIRCUIT 
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VIBRATION ISOLATION of SCIENCE EXPERIMENTS in SPACE 
DESIGN of a LABORATORY TEST SETUP 

Bikuti B. Bancrjec, Paul E. Allaire, Carl R. Knospc 
Department of Mechanical and Aerospace Engineering 
University of Virginia 
Thornton Hall, McCormick Road 
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DISTURBANCE LEVELS 


Quasi-Steady or ’DC’ Accelerations 

Relative Gravity 

IE -7 

Frequency (Hi) 
0 to IE- 3 

Source 

Aerodynamic Drag 

IE-8 

0 to IE-3 

Light Pressure 

IE- 7 

0 to IE-3 

Gravity Gradient 

Periodic Accelerations 

Belative Gravjtv 

Frequency itiz) 

Source 

2E-2 

9 

Thruster Fire 

(orbital) 

2E-3 

5 to 20 

Crew Motion 

2E-4 

17 

Ku Band Antenna 

Non- 

Periodic Accelerations 

Relative Gravity 

IE -4 

Frequency (Hz) 
1 

Source 

Thruster Fire 

(Attitudinal) 

IE-4 

1 

Crew Push-Off 
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VIBRATION ISOLATION OBJECTIVES 

1. The Problem 

- Vibration Causes 

• Thruster fire 

• Machinery operation 

• Crew motion 

- Desired Isolation Range 

• 10E-5 to 10E-6 g 

• 0 to 10 Hz frequency 

- Passive Isolation Capabilities 

• 10E-2 to 10E-3 g 

• Not good at low frequencies 


2. TJie_SoiutLon 

- Active Control Isolation 

• Electromagnetic Actuators 

• Low Frequency Accelerometers 

• Digital Control 

• Effects of Umbilicals 


University of Virginia / NASA Lewis 

INITIAL EXPERIMENT : 1-D ISOLATION 

1. Long-stroke Shaker 

2. Umbilicals 

3. Electromagnetic Actuator 

• Lorentz Type 

• Long Action Magnetic Actuator (LAMA) 

4. Sensors 

5. "Experiment” Mass 

6. Magnetic Supports 

7. Base 
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long stroke shaker 

6.25-in, 158-mm p-p stroke 




FEATURES 


SPECIFICATIONS 
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Model 114 Power Amplifier 



DESCRIPTION 


"-e APS ’’A irr) APS '24 
DUAL -MODE ' Power A-rchfiers are 
resigned soecf'caiiy ; o provide drive 
pcwe* p or ^e-droov^aroic snakers The 
uioui stage ^ses proven high 'enaoiiity 
power oDeratiorai amplifiers arranged 
■ . produce a oaianceo output 

""e tmpiitie'S h ave features wruen make 
,ri e m jniaue'v Suited *or studying the 
:*namic character sties of structures 
”*'ey mav oe operated r e ther a voltage 
j current amontier mode seiectaote from 
’"e ,r ont pare; This operating mode 
^a ectcr swac* mc Mates snaner ir ve 
OO we' , ' , te fr oPt!Cn r eithe r \ current 
w.vtage ~cde *or poser vation of 
-Sijnance decay n M'uOV-res 


T h e completely serf -contained „r.ts are 
packaged n r jgged aluminum erc-csu.'es 
Sudafcie tor oench or r ac* mc-urt.rg 
Forced air coding and massive "eat 
sinks for the output devices nsure ;c r '* r 
jous operation *>th a shaner aenve' ng 
r ated torce ntc ptocked res stive jf 
reactive oaas 

4 our-ent mor ter s grai ava-iao-e ;n 
,r e r ear pane 1 permits mor.farrg or me 
nsrantaneous ?utpu! current amplitude 
arc prase e-ectronic protector ; m^tr, 
w"i detect an ■ utput shor -'o ground : r 
iver'oad icnc t:cns arc :.ve mn 
U ve s grai 

T "e Mode 1 ’Za-~p features an e«:e n dec 
power ..pfon *n c" prev ces n :gr*e f peak 
power wth same average powe' at 
~e ojp-c Moce ’24 


SPECIFICATIONS 

Average Output. '’to shaker r eactive 
•^eak Output nto snaker 'eactive cad 
‘ur'ent Outout peak (random no<se 
’ ^f'eni Output, continucus 
= 'ecuency Range 
S'gra 1 Vctage 
ut '^oeoance 

\c se — eierred to 'utput 
' .I'eM Mo^'tor output 
-'P*.t 3 -:wer 

Ae ' p ane l Connectors 
*■ wer Output 
nput 3d r ent Meritor 
AC R )we» 

/Veght 
Sije hxWi 0 


Model 114 

id *25v-A'~ s 

2 50 / A 

*5 j A peak 
A i] A 'ms 

; : : J00 h '2 

2 v peak 
’00 K prm 
■ :B 

2-j A 

•20 i 50 00 '00 M 

l. 2 F J 24C V pr cn.ji 

/>K3-3’ 5 larger. 

3NC r ype j J a 
Oia 3-Pm Pecectac e 
25 D " 2 *g, 

5 22 < ’’ < 3 25 "c*es 
’33 < 4.32 « 235 mm 
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DASHPOT SERIES 160 


MOUNTING hole 
3 ir ■ 373- <7 03 x t 52yw) 
rectangular or 
375* (9 5»mm) ROUNO 
aaneltwckncss 
0* 1M* (3 17mm) 

MOUNTS NUT AND 
LOCKWASHf R RROVIDeO 
RECOMMENOeD 
TIGHTENING TORQUE 
4 LBS 

37i* * 32 THREAD 
(9 525mm) DlA 


750 (19 05mm)- 

MAX DlA 

900' (22 86mm) - 



960' (24 9 nv 
MAX DlA 


\k m I# 38mm) 

HEX ADJ SCREW 
S' (12 7mm) HEX i 
OBT 0 36mm) THICK 
490* (1V4Smm) 

VALVE OPEN # 

A- 100 ' 

... (2 5 Amm) 

(iJOmm) Qts^ANCE 




Ik 

Sr 


► 

N 


CYLINDER 
LENGTH 
D 


ROO 

LENGTH 

H 


1 

040* (111*1 


Bor*: 

.627* (16.0mm) 

Damping Coefficient: 

Regular damping: 2.5#/ 
in. /sec. 

Super damping: 10#/in./ 

SOC- 

Maximum Pull Force: 

4# (1.8kg.) 

Maximum Friction Force: 
Less than Igm. 


Operating Temperature 
Range: 

-75*0 to + 150*0 

Approximate Platon 
Weight: 

3gm. 

Cylinder Weight: i st inch 
8gm 

Each additional inch: 
3.6gm. 
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Long Action Magnetic Actuator (LAMA) Diagram 
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QA-700 

SUNDSTRAND DATA CONTROL'S 
Q-FLEX^ SERVO ACCELEROMETER 



Feu (m => 

Cost-Effective High Accuracy 

Field-Adjustable Voltage 
Sensitivity and Range 

Consistently Repeatable 
Accuracy and Stability 

Self-Contained Sensor and 
Electronics in One Small 
Hermetic Package 

Better than 1 micro g Threshold 
and Resolution 

Dual Built-in Test Capability 

Wide Dynamic Range 

Internal Temperature Sensor 
Thermal Modeling 


QA-700 Technical Data 


performance 

Output Range 
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Bias Thermal 

Current Scale Factor 

Scale Factor ^ermai Coe* c-e°' 
nearly Er r r^r 
Input s Misalign me 0 ' 
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Freciuercv Response 
j-'O 

’ij-200 Hz 
CjOXXJ HZ 
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Damping Ratio 




Smg 

max 

"Oug '-C 

■f- a 

• 3mA. g 

Cm 

200 c cm • C 

■or 

-^g_g 

x 

— 

"r 


Iri 

max 



ELECTRICAL 
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MODEL: lrntzl DATE: SEP-14-90 



Axisvmmetric Section of Lorentz Actuator 
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LORENT Z ACTUATOR : DESIGN EQUATIONS 

1. Assume permanent magnet operating point 
for maximum energy product : (-HI, SI). 

2. Compute magnet flux, fm ■ SI * Am. 

3. Compute circuit flux, fc s H 1 * Lm / R, 
where R is the circuit reluctance. 

4. Compare fm and fc. 

5. Adjust operating point until fm = c * f, 
when actual operating point has been found. 
(In case of saturation, f s saturation flux 

in saturated circuit segment.) 

6. Calculate air gap flux density, Bg = f / Ag. 

7. Compute force capability, F = i * I * Bg, 
where / is the actuator current and / is the 
total length of coil wire in the air gap. 

8. Change actuator geometry or 
circuit / magnet material until desired 
force level is achieved. 
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LORENTZ ACTUATOR : INITIAL DESIGN 


Total length 

s 

3.17 

in 

Magnet outer diameter 

= 

3.20 

in 

Magnet inner diameter 

s 

2.10 

in 

Magnet length 

= 

1.00 

in 

Shell outer diameter 

= 

2.80 

in 

Shell base thickness 

s 

0.30 

in 

Pole-piece thickness 

s 

0.40 

in 

Core diameter 

a 

1.10 

in 

Air gap 

= 

0.17 

in 

Shell-to-core gap 

= 

0.50 

in 

Gap ratio 

= 

1 : 2.94 

Coil wire diameter 

a 

26.67 

mils 

Number of layers 

= 

4 


Total number of turns 

a 

450 


Maximum coil current 

a 

2.52 

A 

Air gap flux density 

= 

0.50 

T 

Saturation flux density 

a 

1.20 

T 

Maximum force generated 

= 

2.33 

Ibf 

Actuator weight (excl. coil) 

s 

4.12 

Ibf 
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LORENTZ ACTUATOR : COJ VIPACIL_DESjGN 


Total length 

Magnet outer diameter 
Magnet inner diameter 
Magnet length 

Shell outer diameter 
Shell base thickness 
Pole-piece thickness 
Core diameter 

Air gap 

Shell-to-core gap 
Gap ratio 

Coil wire diameter 
Number of layers 
Total number of turns 
Maximum coil current 
Air gap flux density 
Saturation flux density 

Maximum force generated 
Actuator weight (excl. coil) 


3.17 

in 

1.95 

in 

1.40 

in 

1.00 

in 

1.95 

in 

0.30 

in 

0.40 

in 

1.00 

in 

0.17 

in 

0.20 

in 

1 : 

1.18 

26.67 mils 

4 


450 


2.52 

A 

0.45 

T 

1.20 

T 

1.93 

Ibf 

2.18 

Ibf 
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LORENTZ ACTUATOR: FINITE ELEMENT ANALYSIS 


Motivation 

- Different geometric configurations 

- Leakage across shell-to-core gap 

- Saturation in core 

- Minimum weight 

- Reasonable cost 

- Circuit materials with different 

saturation levels 

- Effect of current-carrying coil 

on air gap flux 

- Fringing 

Other Considerations 

- Mesh effects (coarse/fine) 

- Nonlinear analysis (B-H curves) 

- High gradient regions 
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F inite E l eme nt M e s h for Lorent z Actuator 


vs. H TABLE ID 11 (Carbon Steel) 


1 



274640.12 549280.25 823920.37 1098560.5 
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Case I : Circuj L .Mate r ,al C a_r bo n __Ste el 

No Current in Coil 
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Case II : Circuit Material -- HYMU 80: 
No Current in Coil 
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Case III : Circuit Material -- HYMU 80: 

2.5 2 A i n Coil, at 0 degree Phase 



ODEL : lrntz3 DATE: SEP 19 90 
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Case IV : Circu it Material -- HYMU _80j 

2.52 A in Coil r at 180 degrees Phase 
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CONCLUSIONS 


Design complete 

- Experiment 

- Lorentz Actuator 

Construction in progress 

- Concrete base in place 

- Shaker and its amplifier bought 

- Magnetic supports under construction 

- Data acquisition system being 

developed 

Experiment operational by late 1990 

- Background vibration measurements 

- Testing with "disturbances” 

generated by the shaker 
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I. ABSTRACT 

The work presented in this paper covers the recent developments in the area of non- 
contacting displacement sensors for a 500 Watt-hour magnetically suspended flywheel 
energy storage system. "Pancake" [permanent magnet, PM, and electromagnet, EM] 
magnetic bearings are utilized to suspend the flywheel. The work includes a detailed review 
of commercially available non-contacting displacement sensors and their suitability of 
operating with magnetic bearings. In addition, several non-contacting displacement sensors 
were designed ana constructed for this magnetic bearing application. The results will show, 
currently available, commercial non-contacting displacement sensors will not function as 
desired and that an inductive sensor was developed to operate within this magnetic bearing. 


II. INTRODUCTION 

A prototype 500 Wh flywheel energy storage system is being built for the NASA 
Goddard Space Flight Center. This energy storage system is targeted for spacecraft 
applications, for it exhibits high specific energy densities and can be used for attitude 
control. A conceptual view of the 500 Wh energy storage system can be seen in Figure 1. 
The energy storage system incorporates three key technologies, interference assembled 
multi-ring composite flywheel, high efficiency brushless motor and generator, and magnetic 
bearings. This paper focuses on displacement transducers, which are a vital element in the 
suspension of flywheels, via magnetic bearings. These transducers or sensors detect the 
displacement of the flywheel relative to the stator portion of the magnetic bearing. This 
displacement is referred to as the measurand. In practice, measurement systems seldom 
respond directly to the measurand. More often, for ease in measuring, it is desirable to 


convert from one physical quantity to another by means of a transducer. The conversion in 
this case is from displacement to a voltage level which is proportional to the displacement of 
the flywheel. Next this voltage signal is Fedback through the control system, compared to a 
reference voltage, and a control current is applied to the electromagnetic coils, in the 
magnetic bearings, to center the flywheel. 



Figure 1. 500 Wh Flywheel Energy Storage System 


In selecting a non-contacting displacement transducer for a magnetic bearing 
application, requirements for these sensors must be specified. The requirements include, the 
nominal linear range, the resolution, the sensitivity, the frequency response, the. size of the 
transducer, the wire bend radius of the sensor’s lead wire, and the power consumption. The 
main performance requirements of the displacement transducer for the 500 Wh energy 
storage system are listed in Table 1. For this 500 Wh energy storage system the 
displacement transducers were to be moved from sensing tne outside periphery of the 
flywheel to sensing the inside surface of the flywheel. The initial location chosen for the 
sensor was on the inside of the magnetic bearing. 
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Linear Range: 

20 mils 

Sensitivity: 

60 V/in. 

Resolution: 

20 finches 

Power Consumption: 

less than 40 mW 

Size: 

Must fit on inside 
of a magnetic bearing 
0.250" dia. 1.000” lenght 

Operating Environment: 

Must operate in strong 
magnetic fields 

Table 1. Sensor Specifications for 500 Wh Energy Storage System 


III. BACKGROUND ON COMMERCIALLY AVAILABLE TRANSDUCERS 

Some of the types of non-contacting displacement transducers presently accessible 
are inductive, capacitive, and optical transducers. Although there are other types of non- 
contacting displacement transducers, such as radiation, ultrasonic, and air gauging, only 
inductive, capacitive, and optical types were investigated. The general advantages and 
disadvantages [for use in the 500 Wh energy storage system] of the inductive, capacitive, and 
optical sensors are presented next. Inductive sensor have adequate frequency response, 
small size, and have a relatively large linear range. The main disadvantage of the inductive 
sensor was uncertainty of operating in a strong magnetic field. Also the inductive sensor 
produced a sensing area that was tne shape of a cone protruding from the sensor’s probe tip. 
Any conducting matei ial that would intersect this conical sensing field would affect the 
output of the sensor. The capacitive sensor could be custom sized to tailor fit the 500 Wh 
energy storage system, due to several companies that build custom designed capacitive 
sensors. Probjems of low frequency response, very high cost, and stray capacitance fields 
basically prohibited the use of capacitive sensors in the 500 Wh energy system. The optical 
sensors were quite promising with very high frequency responses, large linear ranges, very 
low cost, and very small probe size with the use of fiber optics. The only disadvantage of the 
optical sensor was the problem of non-uniform surface reflectivity of the target surface. 


708 




A survey, of the commercial vendors, was conducted to Jocatea displacementsenso 
that could be utilized with the 500 Wh energy storage system. From the search, ^eral 
potential displacement transducers were identified and several sensors were obtained 
testing with the 500 Wh energy storage system. 


IV TRANSDUCER TESTING 


The experimental testing of each displacement transducer was separated into two 
The first consisted of vouage output of the transducer versus target disp acemen 
and the second dealt with performing experimental tests “ S1 "8 ^e^ s P^ement 
mfloneticallv suspended flywheel system. 1 his test 


testin 



Two different model sensors (KD-2400 and the an 

Kaman Instrumentation Corporation of Colorado Springs, CO. The KD-2400 sensor was an 
inductive type sensor and was the sensor used in the previous magnetic ^^ng ^sterns built 
at the University of Maryland. The voltage output curve for this sensor is shown in Figure 3. 
This ^aSe tomect all of the stack system’s sensor requirements except for the size 
reauirement The sensor’s probe was too large to fit on the inside of a magnetic bearing. 

This sensor was tested for tEe reason that it was readily passed Si Y 

nr^viniKi magnetic bearing systems. The other Kaman sensor, KD-2300-lbU, passea an 
requirements for the staclc system and proved to be very versatile. The voltage output versus 
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displacement curve is shown in Figure 4. The sensitivity was easily adjustable to 60 volts per 
inch. The linear range for the KD-2300-1SU was only approximately 40 mils for an 
aluminum target ana 35 mils for a stainless steel target. An advantage of this sensor was that 
it did not detect ferromagnetic materials. 

The last sensor tested was the SPOT optical sensor designed and built at the 
University of Maryland. This sensor’s voltage output versus displacement curve is shown in 
Figure 5. Optical sensors produce voltage output versus displacement curves that have two 
linear portions, these portions are named the front slope and the back slope. Since this 
sensor was built in-house it proved to be quite flexible. The sensitivity and linear range were 
easily adjustable to match the required specifications of the stack system. 



Olflpliconent (nxlla) 
□ aluminum target 


Figure 3. Voltage Versus Displacement for Kaman KD-2400 Sensor 
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Voltage Output <rolt«) 



Figure 5. Voltage Versus Displacement for SPOT Sensor 



■ , , ^? ce a11 th ® displacement transducer’s sensitivities were calibrated to 60 volts per 

funetinnin r th^f -H 1611 ? ° n the ^ ere Pf rformed to reveal if these sensors could 

function on the inside of a magnetic bearing. The first experiment that was performed on all 

° nC ° f - he dis P 1 . acement transducer being tested 
witn an existing Kaman KD-2400 inductive sensor in an existing magnetic bearing All of the 

Kt C JPT 1 transducers passed this test except for the SPOT optical transducer 8 ' The 
SPOT displacement transducer failed the test because of the target’s non-uniform surface 

targCt m th i S < ? s ? the outside surface of the magnetic bearing system’s 
flywheel which is constructed of aluminum. The problem of non-uniform surface reEJitv 

trand*^ 6 ‘ ^ fig ^ re dls P la P voltage output of the SPOT and Y 

^s^aceiT^m t)ft he^am a n'l: n r ?4nn ime f ° r a “ ywheeI - peed of 100 r P m - ^ P eak to peak 

SC w 0r Wa 1 ^Prp^teJy 0-05 volts, whicfi translates 
ai ou volts per inch to 0.8 mils. The peak to peak displacement of the SPOT semnr wsq 

?eTSnmhiil V H ‘/ f 0r 2 f ”! ilS - J" a " atte T‘ *° elimina,e the "on-uniform 2 
,.m,wi V,t A P r .u b em ’ dlffer , ent colored target surfaces and polished target surfaces were 

. All these types of surfaces did not correct the problem. For this reason the SPOT 
sensor was dropped from further consideration. cason me sru i 



Figure 6. Reflectivity Testing of Spot Sensor 


All the inductive sensors passed the suspension test. To conduct further exnerimenR 
!r^ISt neCeSSai ?h^ 0 d u CSlgn and . fa ^ r *cate a mechanical fixture to house the displacement 
hSri^a i^ S Wlthin . the ma g netlc bearing. Once the sensors were placed in the magnetic 
^SSeSn7«, en ¥h7 re |, COndUC ; ed ' a vol,a §? °, U, P U ' vers “ displacement efperintem 

ring had to be placed on the inside of the return ring to provide the sensors with an 
?!r„ lnU £L' arget ,odeKc1 ' Fi 8V« 7- shows the curves created by tbTsKfic Adanla 
s>n?ff! r ’ There ar< r J^ee curves in Figure 7., one curve for no current applied to the EM coils 

f UrVCS WUh dlffer M, n i currents a PPli e d to the EM coils. These ffiree curves show that 
an inductive sensor can still function within a static magnetic field. For both the Kaman and 




Scientific Atlanta sensors the sensitivity of the sensor decreased once inside the magnetic 
bearing. This change in sensitivity was due to the large magnetic fields originating troin the 
magnetic bearing. The sensors were recalibrated to 60 volts per inch for the next test of 
suspension with the inside sensor. The flywheel was rotated to a low speed of a few hundred 
revolutions per minute and the output signals from the Scientific Atlanta and Kaman KU- 
2400 sensors were compared. The Scientific Atlanta sensor was tested on the inside ot t e 
magnetic bearing and the voltage output of this sensor was compared to the voltage output 
of one of the Kaman KD-2400 sensors, which was used to suspend the flywheel. The output 
signal of the Scientific Atlanta sensor did not match the signal produced by the Kaman 
sensor The reason why these two graph do not correspond was because the Scientific 
Atlanta sensor was affected by the dynamic magnetic fields produced when the magnetic 

bearing was actively suspending the flywheel. To confirm this hypothesis a second 
experiment was run. Ihis experiment produced a strong alternating electromagnetic field 
directly in front of the Scientific Atlanta sensor. The sensor was fixed relative to the target 
which was the iron pin at the center of the EM coil. The output of the sensor was monitored 
and found to vary although the sensor and target were fixed. This test concluded that 
inductive sensors were affected by varying magnetic fields and could no* t> e utilized wit in 
the magnetic bearing. This test was also conducted on the Kaman and Bently Nevada 
sensors and similar results were obtained. 



Since inductive transducers rely upon magnetic effects they are particularly prone to 
interference from external magnetic fields generated by the magnetic bearings actuators. 
Subsequent experimental investigation of one commercial transducer has shown the 
probable cause to be due to the transducer sensor casing. This casing is manufactured trom 
a stainless steel which is mildly, but sufficiently, ferromagnetic so that the transducer 
calibration is affected by changes in the saturation level of the steel when it is immersed in 
an external magnetic field. 
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V. UOMD, RMIT & FARE TRANSDUCER DEVELOPMENTS 

From the above experimental work, it was concluded that the displacement 
transducers tested could not be adapted to the inside of the magnetic bearing. Commercial 
inductive sensors will not work because of the alternating magnetic fields and the optical 
sensors have problems with non-uniform surface reflectivity. It is for this reason that effort 
has been devoted to developing suitable position transducers for 500 Wh flywheel energy 
storage system, which meet fairly stringent requirements of reliability, simplicity of concept, 
robustness, and ease of application. In this work attention has been largely concentrated on 
inductive transducers. 

Both the inner and outer bores of the flywheel grow significantly as it spins from zero 
to a maximum speed of 80,000 rpm. In the case of the inner bore the radial growth has been 
estimated to be 0.43 mm [17 mils] at a speed of 80,000 rpm. On the other hand the rotor 
translational motion is limited by the touchdown bearings to +_ 0.15 mm [6 mils] about its 
nominal center position, which it is observed is significantly less than the radial growth. 
Consequently any rotor position measuring system which senses the position, of either the 
flywheel outer rim or its inner bore, must be able to differentiate between displacements due 
to these two sources. To overcome this difficulty differential transducers need to be used. In 
the case of inductive elements positioned to sense on diametrically opposite sides of the 
flywheel inner bore. If these inductors are connected in an electrical bridge circuit the 
bridge balance will be unaffected by radial growth, and will only sense changes in inductance 
due to translational motion. 

Experience has shown that sensitivities in the range 2 to 40 V/mm are achievable 
with acceptable out put signal-to-noise ratios, but the sensitivities are usually limited in 
applications to the range 2 to 4 V/mm. Commercially available inductive transducers 
typically operate with carrier frequencies of 1 to 2 Mhz, and sense physical displacement 
signals having bandwidths up to 10 khz. 

Inductive transducers require a metallic target, and if they are to sense displacement 
on the flywheel outer rim then it must have a metallic surface attached by some means. The 
limited strength of metals combined with the very high surface speed of the flywheel makes 
this a difficult task. While the difficulty of attaching a metal surface to the outer rim may 
possibly be overcome, mounting the position transducers so as to sense displacement on the 
outer rim of the flywheel is not recommended for other reasons. Firstly, there are problems 
in maintaining concentricity between the flywheel outer rim and its inner bore, both during 
manufacture and especially when it is running at high speed. The latter situation arises due 
to the effects of large rotor growth with increase in rotor speed, and the in homogeneity of 
the composite structure causing an eccentricity to develop between the flywheel outer rim 
and the inner bore which changes as a function of speed. Secondly, the transducer sensors 
need to be rigidly and accurately fixed to the flywheel outer support structure which in turn 
must be accurately positioned with respect to the bearing stator; a complicated 
manufacturing problem. Thus for both manufacturing and operational reasons it is sensible 
to mount the position sensor internally so as to measure the displacement of the flywheel 
inner bore relative to the magnetic bearing stator. 


VI. RELATIONSHIP TO MAGNETIC BEARINGS 

The remainder of this discussion will center on how inductive sensors may be used in 
electrical bridge networks to solve the collocation problem by ensuring the effective 
displacement sensing planes are along the bearing actuator planes of symmetry. Four 
possible arrangements for the inductive sense coils of the transducers are shown in Figure 8. 
The most ideal arrangement is shown in Figure 8(a) where the coils are mounted between 
the pole faces, as this enables direct displacement measurement in the bearing planes 
XaXa’ and XgXB’. For practical reasons this arrangement is difficult to implement and so 
will not be considered further. 
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The remaining possible arrangements can measure the displacements in the bearing 
planes of symmetry provided it is assumed that the bearing actuators and the 
motor /generator are rigid bodies. For example, let us consider the alternatives shown in 
Figures 8(b) and (c) where the inductive sense coils are shown by the arrow bars in each 
case. From simple geometry the displacements x\ and X2 can calculated from 
measurements x\ and X2 and for the case shown in Figure 8(b) are given by 



As long as bt/(. is small the error due to uncertainties in tJ can be neglected and the 
computed values o(x\ and * 2 can be used in place of their exact values in the respective 
bearing controllers. 
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If the motor cannot be considered to be rigid then the arrangement shown in Figure 
8(d) needs to be used. Here the sense coils A b A 2 , coils A 3 , A* coils B b B 2 and coils fL B d 
are separately connected m a series. Since these coils are symmetrically displaced about the 
bearing planes of symmetry the transducer outputs will be X \ and * 2 , where 


( 3 ) 


a l 


+ 


a> 


and 

(4) * = 

1 


In Figure 9. is shown a simplified schematic of the experimental inductive bridge 
transducer, which can be used with any of the mechanical arrangements shown in Figure 8. 
The sensor inductors are connected in a Maxwell impedance bridge whose output is fed to a 
^chronous demodulator. The output of the demodulator passes through a low pass filter 
which filters the residual high frequency modulation products as well as any extraneous noise 
induced into the circuitry. The filter output is an analog signal whose magnitude is 
proportional to the displacement. 



, , .From the remarks given above concerning the use of stainless steel in commercial 
inductive sensors care was taken to only use non-ferrous materials, such as aluminum in the 
construction of the experimental sensors. Aluminum was also used for the transducer target. 
Experiments showed that using this construction made the transducers insensitive to change^ 
in external magnetic fields. 

The inductive sensors describe above will be utilized with the magnetic bearings in 
the prototype 500 Wh energy storage system. The specifications of this inductive sensor are 
presented m Table 2. A view of the location of these sensors within the 500 Wh energv 
storage system in shown in Figure 10. 
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Operating Principle: 
Linear Range: 
Sensitivity: 
Resolution: 
Frequency Response: 
Output Range: 

Mounting: 

Target: 
Adjacent Metal: 
Coil Inductance Range: 


Differential eddy current induction 

80 mils. Can be increased to 200 mils 

60 V/in. Maximum exceeds 130 V/in. 

20 finches at 60 V/in. sensitivity 

5 kHz (3dB) 

± 10 V (offset can be 
adjusted to zero output) 

Sensors remote from signal 
conditioning (0-4 ft) 

Metallic - non-ferrous 

Insensitive to external magnetic fields 

50/i.H to 130 /aH 


Table 2. Inductive Sensor Specifications 




VII. CONCLUSIONS AND RECOMMENDATIONS 

The research conducted, showed that commercially available displacement sensors 
could not work with the 500 Wh flywheel energy storage system. Optical sensors were too 
sensitive to the non-uniform surface reflectivity and the inductive sensors were affected by 
the dynamic magnetic fields produced by the magnetic bearings. These conclusions led to 
the development of an inductive sensor, which was built and tested with the 500 Wh 
magnetic bearings. The placement of this inductive sensor within the 500 Wh energy storage 
system was altered and several sensors were used in a differential arrangement. The sensors 
will soon be incorporated with the final 500 Wh energy storage system. 
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ABSTRACT 


The development of a five channel electro-optical model position 
measurement system is described. The system was developed for the 
13 Inch Magnetic Suspension and Balance System (MSBS) located at 
NASA Langley Research Center. The system consists of five linear 
photodiode arrays which are illuminated by three low power HeNe 
lasers, an assembly of lenses and mirrors for shaping the beams, 
and signal conditioning electronics. The system is mounted to a 
free standing, pneumatic isolation table to eliminate vibration 
susceptibility. Two distinct channels are used for sensing 
vertical displacement and pitch, providing an angle of attack (AOA) 
measuring range of 40 degrees with a +.02 degree precision. 


INTRODUCTION 


The 13 Inch MSBS was originally constructed by Arnold Engineering 
and Development Center in 1965 and was relocated to NASA LaRC in 
1979 [1]. Model position was sensed by a system of X-ray sources 
and detectors which produced an analog signal proportional to their 
exposure to the beams. Four beams were directed diagonally across 
the test section at the model to detect pitch and yaw, while a 
fifth vertical beam detected axial motion. A suspended model would 
partially block the X-ray beams, leaving a portion of the detector 
unexposed, or shadowed. Although the X-ray system was suited for 
detecting model position through the aluminum test section, the 
potential safety hazard prompted development of an optical system. 
The optical system operated on the same principle of blocking a 
portion of a laser beam (light sheet) with the wind tunnel model 
and sensing position using light sensitive detectors. A new 
subsonic wind tunnel with a transparent test section was designed 
to accommodate the optical system. 

The original optical system design was dictated by existing 
hardware used for mounting of the X-ray system. A series of poles 



surrounding the test section allowed fore and aft sliding of the 
detectors for different lengths of models. Many custom adapters 
\grgj-g required to mount the optical system components to the 
existing structure. The optical components themselves, were 
limited to very short focal lengths in order to fit in confined 
areas . 

Installation of this system was completed in 1986 and it was 
successfully used for several years with minimal modifications. 
The system did suffer some deficiencies, however. Building 
vibrations were parasitic because of the critical optical align- 
ment. The position sensors were mounted to precision translators 
partially constructed of magnetic materials. Magnetic field 
intensity variations would sometimes vibrate the position sensors 
into a resonance. Optical realignment for various models was 
tedious and time consuming, often consuming an entire day. The 
limited AOA range of +8 degrees did not meet the requirements of 
the 13 Inch MSBS, initiating design improvements. 


SYSTEM DESCRIPTION 


The original system consisted of five identical channels using 
the same 1-inch position sensors. The new system uses longer 
position sensors for two of the channels to improve the AOA range, 
resulting in a combination of two separate subsystems. In 
addition, a new mounting system for the optics and sensors has been 
implemented. The following is a detailed description of the new 
system components. 

Position Sensors 

Linear, self-scanning photodiode arrays (PDA) were chosen to 
detect model position. A pair of 1-inch arrays are used for 
sensing position in side and yaw while a third senses axial 
position. Each of the 1-inch PDAs contains 1024 individual 
elements on 25 micron centers. Each device is mounted to a 3 inch 
square factory supplied circuit board. The circuit boards contain 
all necessary clock circuits for operation. Modifications allowed 
the circuits to be operated in a master— slave configuration, 
driving the arrays with the same 500 KHz clock. 

A pair of 2.4-inch arrays are used to detect vertical and pitch 
position. Each of these arrays contains 4096 elements on 15 micron 
centers. The commercially available units are presently driven by 
modified factory circuit boards. A master-slave configuration with 
a 1.1 MHz clock is also used for these units. The 13 Inch MSBS 
system computer provides a 256 Hz scan initiate signal, which is 
synchronized with both of the PDA sampling clocks. 

Light Sheet Generating Optics 


Two different light sheet generating methods are used for PDA 


illumination to accommodate different requirements for each 
subsystem. The method used to illuminate the l-inch PDAs is less 
critical since these are normally operated in saturation. While 
the device is saturated, it is not sensitive to small intensity 
variations along its aperture. Minor scratches on the test section 
windows and dust on the optics generally do not degrade the system 
operation. 

A 5mw HeNe laser beam is fanned by using a 4mm diameter glass rod 
as a high power cylindrical lens. This quickly expands the beam 
into a wide angle, reducing the optical path length and saving 
space. The sheet is then collimated by a 50mm diameter plano-con- 
vex cylindrical lens with a focal length of 150mm. Since this 
combination loses very little power, two PDAs can be illuminated by 
use of a plate beamsplitter. Figure 1 illustrates how the two side 
and yaw detectors are illuminated in this manner. The axial array 
is on its own axis and is, therefore, illuminated by its own 2raw 
laser and associated optics for simplicity. 

The two 2.4-inch arrays used for detecting lift and pitch are not 
operated in saturation and are very sensitive to intensity 
variations along the aperture. Several different lens combinations 
for beam expansion, including commercially available units, were 
evaluated before satisfactory results were obtained. A double 
glass rod expander, which spreads a section of the first light 
sheet a second time to overcome the Gaussian profile was successful 
but very inefficient since the resulting light sheet is many times 
wider than the diameter of the collimating lens. A plano-convex 
cylindrical collimating lens was believed to be necessary to avoid 
increasing the thickness of the light sheet. A lens was custom 
ground to meet size and focal length requirements without realizing 
the effects of distortion on the system accuracy. A laboratory 
calibration revealed that the collimating lens caused large errors 
due to spherical aberration and was replaced by a spherical 
achromatic doublet of longer focal length. Construction of a 
second light sheet by inserting a plate beamsplitter caused 
diffraction patterns, ghost images, and added to the intensity 
variations . 

Figure 2 illustrates the present light sheet generation for the 
two vertical sensors. The expanding optics are basically Keplerian 
design so that a spatial filter may be used. A 5mw multimode laser 
was found to improve the uniformity of the light sheet due to its 
flatter profile. A single plano-convex cylindrical lens with a 6.4 
mm focal length spreads the beam while a plano-convex spherical 
lens with a focal length of 600mm and diameter of 95mm performs the 
collimation. The inherently small spherical aberration of the high 
f-number lens reduces system errors at the expense of a long 
optical path length. Errors may be further reduced with a 
substantial increase in component cost. Unlike a cylindrical lens, 
the spherical collimating lens causes the light sheet to change 
thickness over the path length. If the PDA is located near the 
focus of the lens, the resulting line will be extremely narrow, 
making alignment more critical. The greater the distance between 



the detector and the lens focus, the thicker the light sheet. A 
small amount of spreading is desirable to make the system 1 
susceptible to vibration. 

Several advantages are gained by splitting the laser beam prior 
to expansion using a cube beamsplitter. The cube 

not rely on uniform metallic deposition and the splitting process 
Sa» no direct effect on the quality of the o£ ^°^ 

a duplicate set of components is required, the height of the two 
optical channels may be independently adjusted to the 
ontical axis. By rotating the beamsplitter about the laser beam 
axis the reflected beam angle is varied without affecting the 
original beam. This feature allows a much higher AOA when equal 
positive and negative angles are not required during the same test. 

Signal Conditioning Electro nics 

Two signal conditioning schemes are used for each of : the PDA 
types to 9 accommodate two different video signal formats. The 

1-inch arrays are operated in saturation and produce a serial train 
if puLS proportional in amplitude to the exposure of each of^the 
1024 photodiodes sampled during a scan. The 2.4 ^ 

produce a sample and hold analog signal. The longer ^i^tvo leiel 
more likely to encounter two shadow edges, resulting m two level 
«ansl«oS on the video signal. Detecting two shadow edges and 
their location requires more sophisticated electr 
following will describe the two signal processing schemes. 

The pulse video signal is carried by coaxial cable to the signal 
conditioner where a voltage comparator with an adjustable thieshol 
level shapes the signal into TTL compatible rectangular Pulses. 

The pulses are fed to binary ripple counters number 

_„_ h p r nf nixels exceeding the threshold level. The total numoe 

ofi lluraina ted pixels S is then retained by latches for the duration 
of the following scan. The actual location of the shadow edge is 
easily determined by the system computer since one end of the P 
must always remain illuminated. 

As with the pulse video processing, a voltage comparator is used 
at the “put ,? the sanple and hold video signal conditioner. The 
comparator tr. nsforms the video signal into a clean TTL level puise 
bv triaaerinq on the voltage level changes occurring at the shadow 

L gg Th e comparator's hysteresis band along with various timing 
delays of ^othet components' help reject the diffraction effects on 
the ?ideo signal level transitions. Polarity sensitive ”°hostable 
multivibrators are used to detect light-dark and dark-light 
transitions. 

The location of a shadow edge is determined by counting PDA 
saving clocT pulses during each scan 

5* a“vSe°o Se i P 6 a ve a i te ch r a e n g ge S r e the “a^oprfate register is enabled^ 
“Ther^If?erio 9 tK e oS^ut U r^L^s? n l^e t ^ Stains for the 



duration of the following scan. An output enable pulse from the 
system computer controls which tri-state register v ill be accessed, 
requiring only one set of lines for both outputs. A balanced' 
optically isolated, line driver/receiver system is used for signal 
transfer between the computer and signal conditioner. The 256 Hz 
scan initiate pulse from the system computer is used for various 
resetting and clock synchronization. Shown in Figure 3 is a block 
diagram for one of the two channels. 

Mechanical Assembly 

An aluminum framework was designed for mounting the position 
sensors and a portion of the optical components. The mounting 
system basically consists of two arches joined by two sets of poles 
allowing fore and aft translation of the thr< e 1-inch PDAs. 

ion linear translators allow fine lateral positioning of the 
1-inch arrays. The arches were designed to fit between the test 
section and the electro-magnets. Optical rails mount to either 
side of the assembly, supporting the entire optical system for the 
ve ftical sensing channels. The 2.4— inch PDAs are mounted to custom 
frui.lt aluminum translators for vertical adjustment. The framework 
assembly is attached to a commercially available 36" X 24" optical 
breadboard on which the remaining optical components are mounted. 
The aluminum breadboard provides flexibility of optical layout as 
well as accepting a broad range of optical holders. Ambient 
building vibration and magnetic field induced vibrations are 
minimized by floating the entire system on a pneumatic isolation 
table. The table, which suppresses vibration above 2 Hz at a rate 
of 12 db/octave, physically isolates the position sensors from the 
electro— magnet structure. Figures 4 and 5 are photographs of the 
optical system before and after installation. 


CONCLUSIONS 


A new model position detection system has been installed and 
demonstrated at the 13-Inch MSBS. System AOA range and general 
reliability is superior to that of the original system while 
meeting cost and development time requirements. Although the 
system has not been calibrated in the test environment, separate 
laboratory calibrations of the 2.4— inch and 1— inch systems were 
performed [2], [3]. Overall precisions of +.002 and +.0005 were 
displayed in linear measurements while angular precisions of +.02 
degrees and +.015 degrees were exhibited by the 2.4-inch and 1-inch 
systems respectively. Mechanical difficulties remain to be a 
primary shortcoming. The physical size of the factory circuit 
boards limit the vertical adjustment range of the 2.4-inch PDAs, 
di-^tiC-tly affecting the AOA range. Smaller clock— g snerat ing circuit 
boards are currently under development to alleviate this problem. 
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Summ ary 


A photogrammelric optical position measurement system is currently being built as part of the NASA Langley 
Research Center Large-Gap Magnetic Suspension System (LGMSS). The LGMSS is a five degrec-of-freedom, 
large-gap magnetic suspension system to be built in the Advanced Controls Test Facility (ACTF). The 
LGMSS consists of a planar array of electromagnets which levitate and position a model containing a permanent 
magnet core. Information on model position and altitude is required to control the position of the model and 
stabilize levitation. The optical position measurement system determines the position and attitude of a levitated 
model in six degrees of freedom and provides this information to the system controller. Eight optical sensing 
units positioned above the levitated model detect light emitted by small infrared Light Emitting Diodes (LEDs) 
embedded in the surface of the model. Each LED target is imaged by a cylindrical lens on a linear Charge 
Coupled Device (CCD) sensor. The position and orientation of the model are determined from the positions of 
the projected target images. A description of the position measurment system, tracking algorithm, and 
calibration techniques, as well as simulation and preliminary test results of the position measurement system 
will be presented. 


A Large-Gap Magnetic Suspension System (LGMSS) is currently being built at NASA Langley Research 
Center to lest control laws for magnetic levitation for vibration isolation and pointing. A photogrammetric 
optical position measurement system has been designed and is currently being fabricated at NASA Langley as a 
part of the LGMSS. The optical position measurement system will measure the position and attitude of a 
levitated body in six degrees of freedom and supply this information to the LGMSS control system. This paper 
will describe the requirements for the position measurement system, and present the design of the system as well 
as some preliminary test results on a prototype sensor. A high level description of the system will first be 
presented. This will be followed by a discussion of the tracking and calibration techniques. Lastly, details of 
the system design will be presented and some conclusions about the performance of the optical sensing system. 
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Presentation Outline 


Position Measurement System Requirements 
Overview of the Sensing System 
Tracking and Calibration Techniques 
Closeup of the Sensing System 
Experimental Results 



Position Sensing Requirements 


The requirements for the position measurement system arc derived from the requirements for the LGMSS. There 
arc three fundamental requirements for the position measurement system. These requirements arc: 1) that the 

abl u 10 track lhC lcvitatcd body 10 an acairac Y consistent with the accuracy requirements for 
the LGMSi>; 2) that the position information supplied by the sensing system be supplied at a high enough rate 
that the LGMSS can stabilize levitation of the model; and 3) that the measurement made by the sensing system 

not interfere with the function oflhc LGMSS 


o meet the three requirements specified above, a photogrammclric optical sensing approach was selected. 

Small point targets embedded in the surface of the levitated body arc delected by multiple cameras positioned 
about the model. The locations or the projected target images arc determined and triangulation techniques are 
used to dctcmiinc the position and altitude of the model from this information. The accuracy requirement for the 
opucal sensing system is set by the accuracy requirement for the LGMSS. The LGMSS is required to position 
a leveled model to an accuracy of +/- 0.01 inches in x, y, and /., and +/- 0.02 degrees in yaw, pitch, and roll 
(defined by the Euler angles psi, theta, and phi). The optical sensing system is allowed thiry percent of the error 
budget and thus the required accuracy for the sensing system is +/- 0.003 inches in x t y, and z, and +/- 0.006 
degrees in psi theta, and phi. The frequency response for the optical sensing system is 20 samples/second. 

his is not a fast update rale, but is fast enough that the LGMSS can control the levitation of the model to the 
accuracy specified for the system. 


M 



Position Sensing Requirement 


Position Measurement Accuracy 

+/- 0.003 inches xcm, ycm, zcm 
+/- 0.006 degrees in psi, theta, phi 

Frequency Response 
20 samples/second 


Noninvasive Measurement 


Overview of the Optical Sen sing System 


cmKLi in ,h^ k f d g rT °, f UlC SenS1 " g Sytem - Eighl infrared H « hl emittin g diode (LED) targets are 
n ICV,lated m0deL The ***** arc multiplexed in Umc for Lgct identifiS A? 

cacti target is Hashed on, it is detected by sixteen linear charge coupled device (CCD) array sensors A 

cy indrical lens, positioned in front of the detector focuses the light emitted by a target as a line of light on the 
detector array. Each array has 2048 photosensitive elements. A voltage signi is oSuffrom the mav which is 

CCD^ 3 kd T 1,8ht H f K ling .° n . CaCh dement W P ' XeI - (figure 2) ^ l * ation °f-h target image along fh e 
dc^ Thc. ^ CaJcul f ng ^ , ? catIon of centroid of the light distribution filling on the § 

“ TZ V ' d ? Slgnal ou JP“ t of cach CCD *»sor is digitized and stored in a random access 

memory (RAM) which can be accessed by a high speed digital signal processor (DSP) There are a total of 

™SloTr, 8 ^ C ° n 7r ( ° nC f 7 CaCh ” d DS * (Texas JnsZen" 

TMS320C30s). The location of the centroid of light is calculated by the DSP and stored in a central memory 

The locations of the target images in the sensors arc used to determine the position and attitude of the levitated 
Dau, now from Ihc DSPs u> the cemml memory is controlled by a 68000 bS-d m^omSli 
calculation ofmodel positron and atUtude is performed in an I860 based array processor. The array processor 

resides on a VME bus and is controlled by a SUN computer. ne array processor 
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Optical Sensing System 



Figure 1 . Block diagram of the optical sensing system showing signal flow. 
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detector and the CCD dector output. 



Sensing Unit 


Eight sensing units arc located symmetrically about, and approximately five feet above the levitated model. 
Each sensing unit consists of two linear CCD sensors oriented orthogonally with respect to one another.(figure 
3) The output of each sensing unit is thus an x and y camera location for each projected target image Each 
sensing unit is mounted to the sensing system support structure. The sensing unit mount allows the 
orientation of the sensing unit to be adjusted in two angular directions as well as the verticle direction. (figure 4) 
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Figure 3. Drawing of a sensing unit. Each sensing unit consists of two CCD cameras oriented orthogonally. 
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DIAGRAM OF SENSING UNIT MOUNT 
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Figure 4. Drawing of sensing unit mount. 




Coor dinate System Definition 
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Transformation Equations 


The position and orientation of the model are determined by solving a set of nonlinear equations which relate the 
measured x and y camera coordinates of each target to the six parameters, x cm , y C m> zcm> V- and w0 
sets of transformation equations arc listed below. The first set of transformation equations describe the 
transformation from body fixed reference frame coordinates (x b , y b , z b ) to laboratory or fixed reference frame 
coordinates (x f , yf, zf) in terms of the coordinates of the origin of the body frame in the laboratory Iramc (x cm> 
v .. m and /cm) and the oricnuilion of the body frame with respect to the fixed frame, given by the sines and 
cosines of the Euler angles psi (y), theta (6), and phi (<p). The second set of transformation equations descrite 
the transformation from laboratory reference frame coordinates for the jlh target (xfj, yfj, zfj) to the ith camera 
( X j- yi j) in terms of the x, y, z position of the perspective center of each camera in the laboratory reference 
frame, denoted by Xf, Yf, and Zf, and the orientation of each camera with respect to the laboratory reference 
frame’ In the second set of equations, the mij arc elements of the rotation matrix and are functions of the camera 
pointing angles. The terms x p i and y p i arc the principal points lor the ith camera, and f x>y , is the focaJ length 
of camera i. The positions and orientations of each camera arc determined by an independent survey and throug 
calibration. 

Substituting the first set of transformation equations below into the second produces a set of nonlinear equations 
which decribcs the dependence of the xij and yij positions of the projected images of target diode j in sensing 
unit i in terms of the position and orientation of the model. The position and orientation of the model are give 
by the six parameters x cm , y C m. z cm> V- 9- w ‘ Lh c 'S tl1 targets and eight sensing units, ^ uall ® s ‘ ire 
thus generated. These equations arc linearized and solved using an iterative technique (Newton s Method). 

xfj = x cm + x bj (cos(0)cos(4') + y b j(-cos(y)sin(y) +sin(y)sin(0)eos(y))+ 
z b j(sin(cp)sin(v|/) + cos(<p)sin(0)cos(y)) 

yfj = yem + x b j(cos(0)sin(y) + y b j(cos(<p)cos(y) + sin(y)sin(0)sin(y) 
z b j(-sin(cp)cos(y) + cos(<p)sin(0)sin(y)) 


Zfj = z cm + x b j(-sin(0» + y b j(sin((p)cos(0)) + z bj (cos(<p)cos(0)) 


xij = Xpi + fjx[ ~ m 1 1 ( x f i - X xi c ) + nii2(yfi - Yxi c ) + m 13( y fj ~ z xi c ) _ 
|m x 3 [(xfj - X x f) + m x 32(yfj - Y x f) + m x 33 (zfj - Z x f )J 

yij = ypi + n V f~ m 2 l(xfj - Xyf) + m 2 2 (yii - Yyi c ) + ni23( y fj - z yi c > 1 
]m y 3 i(xfj - X y f) + m y 32(y|j - Yyf) + '"y33( z fj - z yi c )J 
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Targets 

^TiTihCT^eS? ^S^I7^!i 0 S^! c < ^ "¥^ „S^, s S^ f i^ driver 

l^gth^TT^ totteri^can j^j 11 d'^erand'about 1 inch in 

g nmng of frame). Diagram 1 1 shows the timing pulses for the prototvoe model The rimino h Vah 
may rang^from appro^i^d^TzS^ m^to^TS^r 1 ^? ' S ° n •" * e< l uence for a Period of time which 

®«fs£«SC# 

and a ncwTit Sun ’ * “ d attUude infonnation is s ™ «° the LG MSS controller 
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LIGHT EMITTING DIODE TARGET 


^r 
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Figure 6. Drawing of a Light Emitting Diode (LED) target cross section 




ORIGINAL FAGE 

SLACK AND WHITE PHOTOGRAPH 



Figure 7. Picture of a target LED next to a dime. 
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Figure 9. Picture of cylindrical model with targets embedded in the surface. 




Figure 10. Picture of LED target driver electronics circuit board. 
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5 

is 


diode for timing the beginning of a set of eight diodes. ^ 



Figures 12 - 14 show pictures of the various sensor components. Figure 12 shows the front and back view of 
Severn board. Ato shown is die thermoelectric cooler circuitry. Some of the components on dte ^camera 
board are being operated at high clock speeds. As a result, without active cooling these parts will overheat aid 
be destroyed. A thermoelectric cooler is provided to actively cool these parts. A thermoelectric cooler was used 
to avoid inducing vibrations which could disturb the optical measurement. Figures 13 and 14 show pictures of 
the analogue to digital converter and digital signal processor boards, respectively. 
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Figure 12. Pictures of camera board (front and back view) and thermoelectric cooler board. 
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Figure 13. Shown in this picture is the analogue-to-digital (A/D) converter board. The A/D is a 10 bit flash 
capable of a maximum data conversion rate of 20 megasamples/second. 



SSnstu^ a , pi r C °i thC ^ digital S ' gnal proccssor (° sp ) The DSP is 

icxas instruments TMS320C30. The clock speed is 32 mHz which yields an instruction cvcle time of 

mtSTsTSms" 8 ' l0la ‘ UmC t0 PCrf0mi 1116 calcuIalion of lhe ccnlr oid, background and signal-to 


a 

noise 
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igurc 15 is agraph showing the digital output of a prototype CCD sensor when imaging the cylindrical model 
igurc 9. The integration time of the camera was set to integrate over the entire frame time of all eight 

6 ,S 3 graph of a P° rtion of lhc digital output of a camera when imaging a single LED target 

The light distribution spans approximately 11 pixels. b ' 
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Figure 16. Graph of digital output of a camera for a single LED target. 


763 


Conclusions 


Early simulation results were used to determine the level of signal-to-noise which would be needed to achieve 
the accuracy specified for the position measurement system. No model dynamics were taken into account in the 
simulation. Rather, the model was assumed to be stationary over the total 10 ms time in which the target 
locations were being sensed. The signal-to-noisc ratio required to achieve the specified accuracy for the sensing 
system has been demonstrated. Also, it appears that a sample rate in excess of 20 samples/second can be 
achieved. However, further tests are required before it is known how much faster the system can track. 


PRECEDING PAGE BLANK NOT FILMED 



Conclusions 


Simulation and test results indicate that the 
accuracy requirements for the sensing system 
will be met 

Software is being streamlined to improve the 
frequency response, should be possible to 
sample > 20 samples/sec 
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